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AERONAUTIC  SYMBOLS 
1.  FUNDAMENTAL  AND  DERIVED  UNITS 
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A 
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L 
D 
Do 
Di 
Dr 
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Symbol 

Metric 

English 

Unit 

Abbrevia¬ 

tion 

Unit 

Abbrevia¬ 

tion 

Length _ 

Time _ _ 

Force . . 

1 

t 

F 

meter . . — . — 

second. . . 

weight  of  1  kilogram - 

m 

8 

kg 

foot  (or  mile) . . 

second  (or  hour) - 

weight  of  1  pound . 

ft  (or  mi) 
sec  (or  hr) 
lb 

Power _ 

Speed - 

P 

V 

horsepower  (metric) . 

fkiiometers  per  hour . 

Imetera  per  second . 

kph 

mps 

horsepower - - - 

miles  per  hour . — 

feet  per  second - 

mph 

fps 

2.  GENERAL  SYMBOLS 


Weight=m^ 

Standard  acceleration  of  gravity =9. 80665  m/s^ 
or  32.1740  ft/sec" 

W 

Mass=— 

9  , 

Moment  of  incrtia=m]t*.  (Indicate  pds  of 
radius  of  gyration  k  by  proper  subscript.) 
Coefficient  of  viscosity 


V  Kinematic  viscosity 

p  Density  (mass  per  unit  volume)  ^ 

Standard  density  of  dry  air,  0.12497  kg*m  -s  at  15  C 
and  760  mm;  or  0.002378  ib-fr*  sec® 

Specific  weight  of  ‘^standard’^  air,  1.2255  kg/m  or 
0.07651  Ib/cu  ft 


3,  AERODYNAMIC  SYMBOLS 


/ 

Area' 

Area  of  wing 
Gap 
Span 
Chord 

Aspect  ratio,  ^ 
True  air  speed 
Dynamic  pressure, 


Do 


Lift,  absolute  coefficient 
Drag,  absolute  coefficient 
Profile  drag,  absolute  coefficient 
Induced  drag,  absolute  coefficient 
Parasit  e  drag,  absolute  coefficient 


C 


Cross-wind  force,  absolute  coefficient 


itp 

it 
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Qfo 

at 

Oia 


y 


Angle  of  setting  of  wings  (relative  to  thrust  line) 
Angle  of  stabilizer  setting  (relative  to  thrust 
line)  ^ 

Resultant  moment 
Resultant  angular  velocity 


Reynolds  number, 


VI 


where  Z  is  a  linear  dimen¬ 


sion  (c.g.,  for  an  airfoil  of  1 .0  ft  chord,  100  mph, 
standard  pressure  at  15°  C,  the  corresponding 
Reynolds  number  is  935,400;  or  for  an  airfoil 
of  1.0  m  chord,  100  mps,  the  corresponding 
Reynolds  number  is  6,865,000) 

Angle  of  attack 

Angle  of  downwash 

Angle  of  attack,  infinite  aspect  ratio 

Angle  of  attack,  induced 

Angle  of  attack,  absolute  (measured  from  zero- 
lift  position) 

Flight-path  angle 
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SUMMARY 

Several  previous! ij  published  reporis  on  a  comjirehensive 
investigaiion  of  a  thermal  'ice-prevention  system  for  a  typical 
twin-engwe  transport  airplane  are  correlaied  with  some  un¬ 
published  data  to  present  the  entire  investigation  in  one  pub¬ 
lication.  The  thermal  system  investigated  was  based  upon 
the  transfer  oj  heat  from  the  engine  exhaust  gas  to  air,  which 
is  then  caused  to  flow  along  the  inner  surface  of  any  portion  of 
the  airplane  for  which  protection  is  desired.  The  investigation 
consisted  of  {!)  the  analysis  of  the  heat  requirements  for  ice 
jyrotection  of  the  wings,  empennage,  and  windshield;  {2)  the 
design,  fabrication,  and  installation  of  the  thermal  system  in 
the  test  airplane;  {3)  performance  tests  of  the  system  in  clear 
air  and  in  natural  icing  conditions,  at  various  altitudes  and 
engine  operating  conditions;  and  {4)  the  ei^aluation  of  the 
effects  of  the  system  on  the  airplane  cruise  performaiice  and 
the  structural  integrity  of  the  wings. 

For  the  determination  of  the  thermal  performance  of  the  sys¬ 
tem,  venturi  meters  and  therm ocouqdes  were  installed  to  measure 
the  heated-air-fiow  rates  throughout  the  system  and  the  resultant 
temperature  rise  of  the  surfaces  to  be  j^rotected.  Flight  tests 
were  made  in  clear  air  to  obtain  data  for  comparison  with  the 
design  analysis,  supplejnejited  by  actual  performance  tests  in 
natural-icing  conditions  during  which  both  thermal  data  and 
observations  of  the  ice-prevention  and  removal  capabilities  of 
the  thermal  system  were  recorded. 

To  determine  the  effects  of  the  thermal  ice-jmevention  instal¬ 
lation  on  the  airplane  cruise  j^^rformance ,  comparative  flight 
tests  were  undertaken  with  the  airplane  in  the  original  and  the 
revised  conditions.  The  possible  deleterious  effects  of  the 
system  on  the  wing  structure  were  considered  to  be  (1 )  reduction 
in  the  strength  of  the  wing  structural  material  at  elevated 
iemperaiures,  {2}  thermal  stresses  generated  by  temperature 
grad'ients  in  the  wing,  and  iS)  corrosion.  The  first  two  effects 
were  evaluated  by  flight  i('sft<  in  which  structure  temperaturef< 
and  stresses  were  measured.  .1  metallurgical  examination  of 
the  wing  leading  edge  }>rorided  information  concerning  the 
third  factor,  corrosion . 

The  surface-tern jierature  rise>i  measured  in  the  performance 
tests  of  the  thermal  system  were  greater  than  those  ]>redicied 
by  the  design  analysis,  indicating  the  analysis  method  is 
conse/rative  but  requires  retinement.  The  system  jirorided 
satisfactory  protection  m  all  of  the  icing  conditions  encountered 


which,  in  some  instances,  were  sufficiently  severe  to  produce 
ice  accretions  from  2  to  4  inches  thick  on  unjrrotected  surfaces. 

The  change  in  the  airplane  cruising  performance  resulting 
from  the  installation  of  the  thermal  system  was  about  0  miles 
per  hour  indicated  airspeed  at  10,000  feet,  and  was  considered 
to  be  almost  entirely  caused  by  the  parasite  drag  of  the  ]>rimary 
heat  exchanger-installations.  The  maximum  structure  tem¬ 
peratures  recorded  during  operation  of  the  thermal  system 
indicated  that  sizable  reductions  in  strength  could  be  expected 
in  an  unregulated  sijstem.  These  losses,  however,  could  be 
reduced  to  an  acceptable  value  by  regulating  the  system  to 
supply  only  the  surface  temperatures  required  for  ice  prei'eniion. 

The  operation  of  the  wing  leading-edge  thermal  '  system 
produced  thermal  stresses  which  may  be  negligible  for  regions 
aft  off  the  heated  leading  edge,  but  should  be  considered  during 
design  for  the  leading-edge  region.  The  metallurgical  exami¬ 
nation  of  the  wing  leading  edge  indicated,  that  no  corrosive 
effects  were  noted  which  could  be  attributed  to  the  basic  prin¬ 
ciple  of  employing  f re  e-stream  air  {heated  by  an  exhaust -gas-to- 
air  heat  exchanger)  as  the  heat-transfer  medium  in  an  internal 
circulatory  system. 

INTRODUCTION 

For  several  years  the  X  ACA  has  been  engaged  in  a  ri'search 
program  to  investigate  the  feasibility  of  utilizing  tlu'  waste 
heat  of  airplane  engine  exhaust  gases  for  the  protection  of 
the  airplane  from  ice  accretion.  The  initial  stages  of  this 
research  were  conducti'd  in  wind  tunnels  and  in  flight, 
utilizing  heat(‘d  models  and  simulated  icing  conditions 
(references  1,  2,  3.  and  4).  The  results  of  these  tests  indi- 
cat<‘d  that  the  heating  re<|uirements  for  the  wings,  (‘inpen- 
nage,  and  windshield  were  of  a  magnitud(‘  which  one  could 
reasonably  (‘Xp(‘ct  to  extract  from  tlu‘  exhaust  gas(‘s.  and 
that  the.  structun'  t(unperatures  re(]uin‘d  would  not  lx* 
excessive.  As  a  resuh  of  these  encouraging  (‘onclusions,  the 
XACA  exhaust-heai  systtun  was  instalh'd  in  a  small  transport 
airplane  and  in  two  four-engine  bomb(*rs  and  su(‘cessfuiiy 
tested  in  natural-icing  conditions  (references  o,  0,  and  7). 

As  a  continuation  of  this  genei’al  res('arch  jirogram,  the 
Ames  AiTonautical  Lal)oratory  has  (“ompleted  a  comprelien- 
siv(‘  investigation  of  tin*  d(‘veiopment  of  a  thermal  ice- 
prevention  systi'in  for  a  typical  twin-engiiH^  transpoid  air- 
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transparent  paiu*!  was  installed.  Th(‘  eornpk'tc*  (l(‘sign 
analysis  of  the  thermal  syst(‘m  is  presented  in  detail  in 
reference  S,  and  only  the  ^enei-al  jn-oceduiH*  followed  and 
principal  results  ohtaiiu'd  will  he  pr(‘sentcd  here. 

Wing  and  empennage  analysis. — Tlie  desi^m  specification 
selected  for  the  win^  and  empennage  surfaces,  based  on 
past  experience,  was  the  maintenance  of  the  airfoil  surface 
forward  of  the  10-percent-chord  point  at  a  temperature  of 
approximately  100°  F  above  free-stream  temperature  during 
flight  in  clear  air.  The  temperature  rise  just  specified  was 
calculated  for  flight  at  a  pressure  altitude  of  18,000  feet 
and  at  engine  power  corresponding  to  maximum  range. 
The  free-stream  air  temperature  was  taken  as  0°  F. 

Because  of  structural  temperature  limitations,  a  value  of 
300°  F  was  selected  as  the  maximum  temperature  of  th(‘ 
heated  air  entering  the  wing  or  empennage^.  In  th(‘  general 
case,  the  design  analysis  consists  of  the  determination  of  the 
external-surface  heat-transfer  coefficients  and  tin*  adjustment 
of  the  double-surface  gap  and  tlie  heat(‘d -air-flow  rate  to 
provide  the  required  surfac{‘-temperature  riscL  For  this 
investigation,  however,  it  was  expedient  to  utilize  the  same 
corrugated  inner-surface  dimensions  as  employed  for  the 
airplanes  of  references  (5  and  7,  hence  the  only  controllable 
variable  remaining  was  the  heated-air-flow  rate.  This  w’as 
not  a  serious  restriction  because  of  the  similarity  in  per¬ 
formance,  and  hence  heating  requirements,  of  the  airplanes 
concerned. 

In  order  to  provide  basic  data  for  the  calculation  of  the 
external-surface  heat-transfer  coefficients,  pressun'  belts 
(reference  15)  were  installed  over  the  forward  20  percent  of 
the  chord  on  the  wing  and  empennage  surfaces.  Transition 
from  laminar  to  turbulent  flow  was  considered  to  take  place 
at  the  theoretical  laminar  separation  point  which,  based  on 
calculations  from  the  flight  pressure  distribution  data,  always 
occurred  well  aft  of  the  double-surface  region  (10  percent 
chord).  The  method  of  reference  Hi  was  used  for  the  com¬ 
putation  of  the  surface-heat -transfer  coefficients.  This 
metho<l  applies  only  to  laminar  flow,  and  is  based  on  a  de¬ 
rived  relation  between  boundary-layer  thickness  and  heat- 
transfer  coefficient.  A  typical  curve  of  the  variation  of 
heat-transfer  coefficient  with  chord  ])osition  for  th(‘  wing  is 
presented  in  figure  3. 

The  next  stej)  was  the  determination  of  the  spanwise 
distribution  of  heated-air-flow  rate  which  would  provide  the 
desired  surface  teinperatuj’c  rise.  Sinc(‘  tin*  corrugation 
passages  were  of  constant  cross  section,  the  exact  design 
value  of  100°  F  surface^  tcunperature  could  not  b(‘  established 
at  all  points  on  t]u‘  leading  edg(\  Th(‘  procedure  follow(‘d 
was  to  assume  100°  F  rise  for  the  surface  from  0  to  3  perct'iit 
chord,  calculate  tlu'  required  heated  aii‘  flow,  and  then 
determine  the  temperature  j-is(‘  aft  of  3  p('rc(‘nt  choid  pro¬ 
duced  by  that  flow.  After  th(‘  desired  air  flow  foi*  s(‘vei‘al 
representativ(‘  corrugation  ])assages  was  established,  it  was 
found  that  location  of  th(‘  baffle  at  5  percent  choixk provided 
a  spanwise-flow  })n‘ssur(‘  drop  whicli  would  cause  the  air  to 
distribute  itself  pro])erly  in  the  corrugations.  Considerable 
trial-and-eiTOi*  and  com])romise  was  involvcal  and  tlu'  surface' 
temi)(‘ratur('s  varieal  as  a  conse'cjuence.  Tlu'  calculated  sur-  j 
face-t(unperature  rises  for  tlu*  doubh‘-surfaee  regions  of  tlu'  j 


FiCiURE  3.— Calculated  external  heat-transfer  (wdllcient  from  prciwure-belt  data  for  wing 

station  1C7, 

wing  and  empennage  are  presented  in  figures  4,  5,  and  6. 
The  wing-surface-temperature  rises  were  all  in  reasonable 
agreement  with  the  design  requirement  of  100°  F.  In  the 
case  of  the  empennage,  the  temperatures  from  0  to  3  percent 
chord  were  of  the  specified  magnitude,  but  the  values  from 
3  to  10  percent  chord  wei*e  considerably  higher  than  the 
design  requirement.  This  effect  could  have  been  alleviated 
by  varying  the  corrugation  })assage  area,  but  the  anticipated 
improvement  did  not  justify  the  shop  work  required. 

Windshield  analysis, — The  determination  of  the  heat 
required  for  windshield  protection  differed  from  tin*  general 
procedure  used  for  the  airfoil  surfaces  because  no  data  were 
available  for  the  calculation  of  the  surface-heat-transfer  coef¬ 
ficient.  The  method  of  reference  17  was  used,  wliich  is  based 
on  the  selection  of  a  heat  flow  through  the  windshield  outer 
panel  considered  satisfactory  for  ice  protection.  This  speci¬ 
fied  heat  flow  was  taken  as  1,000  Btu  per  liour  pvv  squan' 
foot,  with  the  outer-surface  temperature*  assumed  to  ix*  50° 
F,  as  recommended  in  r(*ference  17. 

The*  heated  air  for  the  windshield  was  supplied  from  a  sec¬ 
ondary  exchanger  and  discharged  into  the*  cockj)it,  for  heat¬ 
ing  purposes,  after  passing  through  the  windshield  gap.  The* 
s(*con(iary  exchanger  was  required  in  oi’der  to  avoid  the*  {pos¬ 
sible  danger  of  carbon  monoxide*  in  the  |)riniary  air  Irom  the* 
c\\haust-h(*at  gas  exxchange'rs  being  elischargeel  into  the* 
cockpit. 

Calculations,  using  the  charts  of  reference*  17,  inelicateal 
that  no  practical  double-panel  eiesign  which  woulel  give  the* 
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Free'^om  temperature  ^  O'^V 

Heat  Qvoi  fable  above  0'‘F  30J,000  Btujhr 

Heat  removed  from  feading-edge  surf  ace  ^  f  f5, 500  Btujhr  or  IB20  Bfufhr  per  ft*' 


Note:  Leading- edge  duct  air 
temperatures  (region  jj 
ore  assumed 

FidrUE  4.— riilcuhited  hunt  uiul  airflows  niul  luadinp-uiJ?*.’  skin  lunipuraturu  risus  for  Uie  wine  Ihnrnal  ic'c-jiruvcntion  system. 

of  tlH‘  windshield.  The  windshield  gap  was  established 
as  thr(‘e-sixteenths  inch. 

KXHAUST  OAS-AIR  HEAT  EXCHANGER  DESIGN 

Requirements. — Tiie  results  of  tin'  analysis  of  tin'  wing 
and  empennage  heat  requirements  (figs.  4,  o,  and  6)  show  a 
design  heated  air  flow  of  4,130  pounds  per  hour  foi*  each  wing 
and  6,148  pounds  per  hour  for  tin*  empennagt'.  The  exhaust- 
collector  installation  on  the  test  airplane  provided  an  exhaust 
stack  on  each  side  of  the  two  nacelles.  The  two  outboard 
stacks  were  selectt'd  to  j)rovide  wing  heat  and  the  two  inboard 
stacks,  empennage  and  windshi('ld  heat.  Tin*  heat  jvtjuirf*- 
ment  for  one  wing  (4J30  Ib/hr  at  a  t('mpei*atur(‘  of  1^)0°  F, 
or  about  300.000  Btu/hr)  was  selectf'd  as  tlie  required  output 
foi*  (*ach  of  the  four  exchangers  at  the  design  flight  condition. 

In  order  to  avoid  auxiliary  air  pumps  in  the  thermal  ice- 
prevention  system,  it  was  necessary  that  tin*  design  over-all 
pn'ssure  loss  of  the  heated  air,  from  induction  in  the  heat- 
exchanger  scoop  to  discharge  from  the  wing,  be  no  greater 
tiian  fr(‘(‘-slream  dynamic  pressure. 

At  tlie  dt'sign  conditions  of  maximum  rangt*  cruising  at 
18.000  fe('t,  tlu'  indi(‘at('d  airspt't'd  was  about  16')  mih's  pt'r 
hour,  or  approximal ('ly  ()0-pounds-[)ei’-s{|uar('-lb{)t  dynamic 
prt's.surc'.  Odu'  allowabh*  loss  was  arbitrarily  dividf'd  e{|ually 
l)('tw(‘en  th(‘  heat-(‘xcliang{'r  installation  and  tin*  sysK'in  after 
th('  (‘.\(‘hang('rs.  Tlu*  pressure  loss  in  the  wing  and  ('inpen- 
jiage  lu'ating  systems  was  comptitf'd  during  tlu*  wing  and 
('mp{'nnag('  analysis  and  is  dis(*uss('d  in  relerc'iua'  S.  Tlu' 
allowabh'  li('at-exchang('r-installat i(m  pr('ssur('  loss  ol  30 
pounds  p('r  s(juar('  foot  was  dividf'd  into  thrt'i'  etpial  parts  ol 
10  pounds  p('rs(|uar{'  foot  ('ach  for  tlu'  inh't  lu'adc'r.  exchangf'r 
core,^  and  outl('l-head(*r  losses. 

'  'riu*  exchant-MT  efirr  is  the  i-.ortidii  of  tlie  exeiiaiitri'r  insiallutioii  in  wliieli  tlie  heat  i> 
trunsferieii  Iroiii  the  exhaust  ^as  to  the  ait. 


Free-air  femperQiure=0'^T 

Heat  available  above  0°T -13,000  Btujhr 


Eifii  ttK  .T.-  Calenlateii  lieat  and  air-dous  aiui  lea(li(i!LM‘d”('  leniiieratitre  rises  for  the  vertical 
tin  thermal  iee-ju-eveiitioii  system. 

re(juii*('d  heat  flow  was  possibh*  ^\■i^h  tin*  heat  availabh*  from  | 
th(‘ secondary  exchanger.  Tlu' windshit'ld  installation  finally  : 
ado])t('d  consistf'd  of  (1)  tin*  doubh'-paiu']  arrangement  which  | 
would  providf'  the  most  lu'titing  for  tin*  allowttblf'  prf'ssun*  | 
drop  throtigli  tlu*  gap.  and  (2)  a  im'ans  for  dist'hftrging  the  : 
pj'iimiry  air  from  th('  sf'condjirv  ('Xclniimu'r  ov('r  tlu*  outer  sur-  i 


P\''P3  station  82  t90  in.  HgO 

P\~P3  station  382^(.34/n. 

sfofion  62  to  382  =  0.52  in. 


INVESTIGATION  OF  A  THERMAL  ICE'PRE\'ENT10N  SYSTEM  FOR  A  TWIN'ENGINE  TRANSPORT  AIRPLANE 


Free- air  iemperature  * 

Heot  ovailable  abo^e  CF  ~  167^000  BTujhr  ,,  r.t 

Hcaf  removed  from  lead/ng~edge  surface  -  32^640  Bfujhr  or  7730  Blujnr  per  ft 


Note:  Leading- edge  duci  air 

iemperafures  (region  1) 
are  ae-sumed 


p,  ~ P2  station  72-2,39  in.  W2^ 
p,~p2  of  Station  UP -1.86  in.  H^O 
A 1  ^ioi'ton  72  tc  t  73-0-49  in.  H2^ 


Figure  6. —Calculated  heat  and  niMlows  and  leading-ecU'O  skin  temperature  rises  for  the  horizontal  stabilizer  thermal  ice-prevention  system. 


Figure  7.— Details  of  primary  heat  exchangers  for  the  test  airplane. 
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Core  design.-— -FI iirht  t(‘sts  of  s('voral  exhaust  jias-air  heat 
oxchaiiirers  at  the  AiiU's  Ac'ronautical  laboratory  (ret(‘rene(‘ 
18)  aiul  an  extensive  la})oratory  investipUion  by  tlie  Uni¬ 
versity  of  California  (referenc(‘  19)  indicated  several  advan¬ 
tages  of  the  flat-plat(‘-typ(‘  cross-flow  exchanger  selected  for 
this  investigation.  These  were  (1)  a  high  ratio  of  useful  to 
noiuiseful  pressure  loss.  (2)  ease  of  design  and  fabi’ication, 
(3)  a  favorable  ratio  of  heat  output  to  core  weight  and  vol¬ 
ume,  (4)  service  life  as  satisfactory,  if  not  better,  than  other 
available  types. 

The  calculations,  which  were  undertaken  to  establish  the 
size  of  the  exchange's  are  jiresentcd  in  detail  in  reference  9, 
and  tlie  final  exchange*!-  configuration  is  shown  in  figure  7. 

Header  design. — Tin*  fixed  location  of  the  lieat-exchnnger 
core,  and  the  necessity  for  maintaining  tlie  heated-air  outlet 
outside  the  na(*elle  in  order  to  avoid  extensive  nacelle  alter¬ 
ations,  restrict(‘d  to  a  large*  extent  the  choice*  of  inh't  and 
outlet  heade'r  shape*.  To  tlu'se  difficulties  was  addeel  the* 


hu*k  of  information  on  the*  de*sign  of  converging  anel  diverg¬ 
ing  be'iuls.  Conse(]uentiy,  the  headers  were  built.  rath(*r 
than  elesigneel  and  the  over-all  isothermal  pressure*  dro])  was 
measureel  for  various  air-flow  rate's  suppiieel  by  a  blower. 
Tlu'se  ])re*ssure  losse*s  obtained  at  apjiroximately  (‘onstant- 
temperature.  sea-1  ewel  pre'ssure  conditions  were  e'Xtrapolated 
to  the  design  flight  conditions,  and  the  pn*ssure  dro])s  foi* 
the  header  configurations  were  about  4  pounels  pe*r  sfjuare 
foot  for  the  inlet  anel  1 1  pounds  per  square  foot  for  the*  outlet. 
The*  over-all  pressure  drop  for  the  exchange*!*  installation 
woulel  then  be  approximatedy  25  pounds  per  squai-e  foot,  as 
compared  to  the  value  of  30  allow eal  for  elt'sign. 

DESCRIPTION  OF  THE  ICE-PREVENTION  SYSTEM 

The*  test  airplane  (Air  Forces  designation  ^-40)  is  a  twin- 
engine  low-wing  monoplane  of  the  heavy  cargo  typ(‘  powereel 
by  two  Pratt  cV:  Whitney  Model  K-2S()0-51  engine's  liaving 
a  s(*.a -level  rating  of  2,000  horsepower  each.  The*  general 


riGi’KE  (ieiuTul  iunuiui.’nu'nt  of  ihormal  i(T-pix‘V('ntion  (•(juipini.'nt  in  tlio  u'Sl  uirpluiu’. 


IXVESTIGATIOX  OF  A  TFIEKMAL  ICE-PHEVEXTIOX  SYSTEAi  FOR  A  TWIX-EXGIXE  TH/VXSPORT  AIRPLAXE 
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^Wing  leading  edge 


arrangomont  of  the  thermal  ico-provention  s^^siom  installod 
for  this  investigation  is  shown  in  figure  8.  A  detailed  de¬ 
scription  of  the  system  is  presented  in  reference  10,  and  only 
the  major  items  will  be  discussed  in  this  report. 

PRIMARY  HEAT  EXCHANGERS 

The  final  heat-exchanger  design  and  the  installation  in 
the  nacelle  are  presented  in  figures  7,  9,  and  10.  The  ex¬ 


(;i)  From  vii'w. 

FKiriti:  ]().-  'I'ypical  heal  exelianper  insta 


changers  are  of  the  flat-plate  cross-flow  type,  im’orporating 
alternate  exhaust-gas  and  air  passages.  Provisions  were 
made  in  the  installation  for  su(‘h  factors  as  expansion  of  the 
exchanger  longitudinally  and  relative  motion  between  the 
exchanger  and  the  exhaust  collector.  Valves  for  the  purpose 
of  directing  the  heated  air  to  the  ice-prevention  system  or 
discliarging  it  to  the  fn‘e  stream  wTre  installed  immediately 


(b)  Jiear  view. 

liiiioii,  xvithout  fairing,  on  the  test  airplane. 


>^04177— 
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WINOS 

A  typical  section  of  the  win^  outer-panel  leadin”:  e(l^(‘  as 
revised  for  thennal  i(*e-pr(‘vention  is  shown  in  figure  12.  The 
construction  is  basically  th(‘  same  as  that  ])resented  in  th(‘ 
analysis  section  (fig.  2j  with  the  exct'ptions  that  the  nose  ribs 
are  shown  and  a  nose  rib  liner  has  Ixam  added.  This  liner 
was  found  to  be  required  in  order  to  r(‘duc(‘  the  pressun*  drop 
in  the  spanwise  distribution  duct  caused  by  the  nose  ribs. 
The  corrugated  inner  skin  extends  to  the  H)-percent-chord 
point  and  tlie  lieated  air  enters  th(‘  chordwise  passages 
through  a  gap  at  the  leading  edge  l)etween  th(‘  upj)er  and 
lower  segments  of  the  inner  skin.  After  leaving  th(‘  corruga¬ 
tion  passages,  tlu'  heated  air  circulates  throughout  the  wing 
interior,  passing  through  r(‘inforc(*d  holes  in  tlu*  spar  webs, 
and  is  discharged  thiough  tlu*  aileron  and  flaj)  slots.  For  the 
wing  tips,  the  t3q)(‘  of  leading-edge  construction  is  similar  to 
that  employed  for  tlu*  outcu*  paiu*!  with  the  exc('ption  that  the 
con’ugated  inner  skin  was  replaced  by  a  dimph’d  type*  which 
was  more  adaptabh*  to  tlu*  doubh'-contour  foi’ming  neces.sary. 
In  the  case  of  tiu*  wing  inboard  panels,  tlu*  corrugated  iniu*r 


skin  extends  in  a  (ontinuous  sh(*et  from  5  ])ercent  chord  on 
the  wing  low(*r  surface  to  10  peirent.  chord  on  the  upper 
surface*.  The  heated  air  flows  from  l)ottom  to  toj)  around 
tlu*  leading  edge. 

EMPENNAGE 

The  general  arrangement  of  the  thermal  ice-i)r(*vention 
equipment  in  tlu*  em])ennage  is  sliown  in  figure  Id.  Distri¬ 
bution  of  the  heat(*d  air  is  controlled  by  adjustment  of  tlu* 
three  butterfly  valv(*s  siiown  in  the  figure*.  Tlie  r(‘visions 
to  the  stabilize*!*  and  fin  leading  (*dg(‘s  are*  ielentie-al  anel  a  typi¬ 
cal  sectiem  is  shown  in  figure  14.  The*  eorrugateel  iniu*r  skin 
extends  to  10  percent  of  the  airfoil  chorel  and  the*  e*orrugation 
passage's  are  identical  in  size  to  those*  for  the  wing.  After 
leaving  the*  leading-edge*  rt'gion,  the*  he*ate*d  air  circulate*s  in 
the*  stabilizer  or  fin  interior  and  is  dise‘!ia!‘ge*el  at  the*  e*le*vator 
or  rudde'r  slot.  The  dimple*d  skin  type*  of  const  met  ie)n  (‘in- 
ployed  in  the  wing-tip  revisions  was  also  used  for  the  stabilizer 
and  fin  tips. 


FiGriiE  I'k— (it'nortil  lay-out  of  thermal  iee-proventiou  equipment  in  the  criiprennape  of  the  test  airplane. 
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SECONDARY  HEAT  EXCHANGER  AND  WINDSHIELD 

A  secondary  heat  exchanger  was  installed  in  the  nose  of  tlie 
airplane  to  provide  car]>on-in  on  oxide-free  heated  air  for 
cockpit  and  windshield  heating  as  shown  in  figure  15.  The 
design  analysis  of  the  windshield  heating  requirements  indi¬ 
cated  that  the  secondary  air  would  not  have  sufficient  heat 
capacity  for  windshield  protection  and,  therefore,  provision 
was  made  to  discharge  the  primary  air  for  the  secondary 
ex(‘hanger  over  tlu'  outer  surface  of  the  windshield  to  ])rovid(‘ 
atldilional  heating.  This  air  was  discharged  along  the  lower 
edge  of  the  windshii'ld  through  a  slot.  The  secondary  air 
entei-s  the  system  at  tlu'  airplane  nose  and,  by  means  of  valves 
local (al  behind  the  (*xchanger,  the  mixture'  tem])erature  of  the 
cock])it  ventilating  air  can  be  controlled.  When  windshield 
heating  is  desii’ed,  furtlu'r  manipulation  of  these  same'  valves 
deliecUs  the  heab'd  secondary  air  to  a  blower,  which,  in  turn, 
boosts  th(‘  air  thi'ough  tlu^  windshield  system.  Inner  re- 
inovable  panels,  space'd  thre'e-sixte'enths  incli  from  tlu'  ('xist- 
ing  out(‘r  panels,  W(‘r(‘  instalh’d  on  both  the'  pilot's  and  co¬ 
pilot’s  windshields.  Ib'ate'd  air  is  supplie'd  to  liu'  thre'e- 
sixteenths  iiu'h  gap  at  tlu'  bottom  and  is  discharged  into  tlu' 
cockpit  at  the  top. 

CONTROLS 

Tlu‘  lour  discharge'  valve's  at  the'  inhnary  exe'hange'r  aii’ 
outlets  are'  operate'd  by  elee'tric  motors  (‘ontrollable  freim  the' 
cockpit.  Varieius  eU'gre'e's  of  valve'  openings  earn  be  olitained 
by  inte'rmitte'iit  ojie'ration  of  the'  motor  swite*he’s,  anel  a  cam 
on  the'  motor  autoniatie*aliy  opens  the'  circuit  at  the'  enel  of 
the  valve'  trave*l.  Tlie'  cross-ove'i*  valve's  (fig.  S)  and  the' 


valve's  at  the  secondary  heat-exchange’r  outlet  (fig.  15)  are 
adjustable  in  flight  by  moans  of  push-pull  cable*  controls. 
All  of  the  reunaining  valves  of  the  system  are  normally  ad¬ 
justed  on  the  ground,  although  some  can  be  reached  in  flight 
if  necessary. 

PROPELLER  PROTECTION 

The  propellers  were  providetl  with  a  standard  alcohol  distri¬ 
bution  system  consisting  of  slinger  rings  and  grooved  rubbe'r 
shoe's  ce'mented  to  the  blades  to  aid  in  the  removal  of  ice* 
accretions  during  the  flight  te'sts  in  natui'al-icing  ('onditions. 

PERFORMANCE  TESTS  OF  THE  THERMAL  ICE-PREVENTION 

SYSTEM 

In  orde'r  to  e'stablish  the  thermal  performane'c  of  the  ice- 
pi’eveuition  system,  flight  tests  were  uiulertaken  in  clear  air 
anel  in  natural-icing  conditions.  The  clear  air  flights  in- 
cluele'd  te'sts  at  the'  ele'sign  conditions,  and  also  at  several  twin- 
and  single'-engine'  ope'rating  e'emelitions  at  various  altitude's. 
The'  llights  in  icing  e'e)nditions  we're'  made'  at  various  e'ligine* 
powe'rs.  anel  at  altituele'S  u])  to  lo.OOO  feet. 

In  initial  flight  te'sts,  the  quantity  of  free'-stivam  air  enter¬ 
ing  the'  se'conelary  e'xchanger  from  the  ope'iiing  in  the  airi)lane 
nose  was  e'xce'ssive'.  For  all  le'sts  reporte'd  lu're'in.  the'  nose 
inle't  was  seale'd  anel  he)Ies  were  maele'  in  the  siele  of  the'  eluct 
forwarel  of  the'  e'xchanger.  thus  allowing  cabin  air  to  be  elrawn 
through  the'  e'xe'hange'r  by  the  winelshie'lel  blowei'. 

Cde'ar-air  flights  were'  conelucte'el  at  the  Ames  Aeronautical 
Laboratory,  Moffett  Fie'lel,  (htlif.,  anel  clear-air  and  icing 
flights  at  the'  Air  Mateu-iel  Command  le*e*  Kt'sc'arcli  Base. 


INVESTIGATION  OE  A  THEIOMAL  JCE-PKEVENTION  SYSTEM  FOR  A  TWIN-ENGINE  TRANSPORT  AIRPLANE 


]] 


Figuke  1.*;.— Details  of  hcaU'xchanpor  installed  in  nose  of  the  airplane  to  i)rovide  secondary  heated  air  for  windshield  and  cockpit  hcatin?. 


Minneapolis,  Minn.  Dnrin<r  ali  of  tliese  tests  the  airplane 
gross  weight  was  about  40, ()()()  pounds. 

DESCRIPTION  OF  INSTRUMENTATION 

Tlie  principal  factors  measured,  ujxin  which  tlie  evaluation 
of  the  ])erforinanc(‘  was  hast'd,  wt'rt*  (1)  weight  rate  of  ht'ated 
air  flow  to  all  parts  of  tlie  system.  (2)  temiiei-atures  of  tht' 
heatt'd  air,  (3)  tein])eraiun'  rist'  of  comiionents  of  tht'  airplane 
exposetl  to  tlie  heatt'tl  air,  anti  (4)  ojn'rating  condition  of  the 
airplant*.  The  air-flow  rates  wt'rt'  dt'termint'd  by  venturi 
mt'ters  installt'd  in  the  supi)ly  duets  and  tilt*  temiieraturt's 
wert'  dt'termined  with  thermtieouples.  Tiu'  tlu'rmoeouples 
(aht)ut  200  in  numht'r)  wt'rt'  t'onneeted  to  a  switching  arrange¬ 
ment  which  provideti  t'ilht'r  manual  st'leetit)n  and  temjx'ra- 
lurt'  intlieation  or  auttmiatic  j't'cortliiig  in  st'tjuenet'.  Tht' 
sjit'cilie  locations  t)f  all  i)t)ints  of  pri'ssurt'  anti  tt'mperatnrt' 
measui'cment  an*  jirest'iUt't!  in  rt'fert'nt't'  11.  TUr  airplam- 
ojierating  eondititins  (altitiule,  airsfX't'tl,  and  t'ngine  spt't'd  and 
manilt)ltl  jiressurt')  wt'it'  mt'asui't't!  witli  standard  airt'raft 


indicating  instruments.  To  redut'c  the  jxissihility  t)f  t'rrors 
in  airsiieetl  indication  as  a  result  of  iet'  aeeumulal ions  on  (he 
airsj)t't'd  mast,  tht'  indicators  at  the  copilot's  statitin  anti  the 
engineer's  station  in  tht'  cabin  utilized  vents  in  the  fuseiage 
as  a  sourtH'  of  static  pressurt'.  The  position  t'rrtir  of  these 
vents  was  determined  with  a  trailing  airspet'd  head.  Free- 
stream  air  temperaturt'  was  indicated  by  a  glass-sit'in  ther¬ 
mometer,  shielded  fi’om  the  ac'crt'tion  of  iet',  lot'att'd  tiutsitle 
out'  of  tht'  fusi'Iagt'  windows. 

During  ihe  analysis  of  tht'  It'st  rt'sults,  stinu'  tjut'siion.  arost' 
eoneerning  tlu'  accuracy  t>f  llit'  data  ohlair.t'd  from  llu' 
tlK'rmt)eou}dt'  iust alia t it)i>  iisetl  lo  mt'asurt'  surhx't'  U'lnpt'ra- 
tures.  Tilt'  iuslallatitin  t'tmsislt'tl  of  allaeliiug  tlir  tln'mio- 
eouph'  wires  tt)  a  small  washt'r  wiiit'li,  in  lui'ii.  was  attaeiied 
tt)  llu'  innt'r  surfaet'  of  llu*  skin  l,y  a  ri^‘(‘t  thiHiugh  tlu' 
washt'r.  In  tlu*  cast'  of  tht'  tlt)ul)l('-surfa(‘(‘  rt'giou.  thr  rivets 
attaching  the  inner,  etirrugatt'tl  slciii  tt)  tlu'  t>utt'r  skin  sei’vetl 
tt)  st'cnre  tht'  washers.  Tlu'  washt'r  and  tht'  (lattt'nt'd  t'nd  t)f 
tht'  rivt'l  prt)vitl(‘tl  an  t)l)st met  ion  to  ht'ated  air  llt)\\  ing  along 
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tlu'  iiiiu'r  in  i\  local  ovci-licating  of  11r‘ 

region  and  l(nn])eratiii'(‘  values  loo  large. 

In  order  to  coiTi])ar(‘  llu‘  data  from  tliis  typ(‘  of  thermo- 
cou])le  with  a  nior(‘  d(‘licat(‘  but  probably  more  accurate  typ(‘ 
of  installation,  eight  s];(‘cial  thermocouples  (hereinafter  called 
surface  lh(‘rmocou})l(s)  were  installed  at  wing  outer-panel 
station  159  at  0,  1.5,  :h5,  7,  9,  30,  50,  and  85  percent  ciiord 
on  the  lowiT  surface*  and  a  few  flight  checks  wea'c*  undertaken. 
Each  installation  was  placed  immediately  adjacent  to^  a 
washer“tyi)e  thermocouple  for  com])arative  ])urposes.  Ihe 
surfac(‘-type  tluTinocouples  were  made  from  0.005-inch- 
diameter  manganin  and  constantan  wires  which  were*  butt- 
weld(‘d  togethVr  and  roiled-  to  a  fiat  strij)  ap])roximately 
0.002  inch  thick. 

The  limited  tests  conducted  indicated  appreciable  differ¬ 
ences  between  the  wasluM’-  and  surfa<‘(‘-t3"pe-thermocou]d(' 
readings  whenever  the  internal  structural  configuration  was 
such  as  to  promote  increased  surface  velocities.  Thus,  in  all 
flight  (“ondiiions  at  fidl  heated  air  flow,  tin*  washer  tlicrmo- 
cou])les  forward  of  the  baffle  ])late  indicated  temperatures 
from  20°  to  30°  E  above  tlu*  surface  thermocouples.  Tiiis 
inci’ease  in  tem])eratur(‘  was  ])rol)ably  the  r(‘sult  of  installing 
the  nose  rib  liner,  which  certainly  could  be  expected  to 
increase  the  heat  transfer  fi'om  the  healed  air  to  the  washer 
thermocouples.  Tin*  difleronces  between  the  washer  and 
surface  thermocouple  temperatures  aft  of  tiie  bafTle  plate 
were  much  less  than  tin*  values  forward  of  the  baflle,  and  are 
probably  representative*  of  conditions  outboard  of  station  292 
where  the  nose  rib  liner  <*eases  to  exist.  Tiu*  limited  com¬ 
parative  data  obtained  were  not  (‘onsidered  an  adequate 
basis  for  correction  of  all  of  the  surface-temperature  data, 
hence,  the  values  are  presented  herein  as  measured,  except 
where  noted. 

CLEAR  AIR  TESTS 


The  thermal  performance  of  the  wing  and  the  empennage 
ice-prevention  systems  was  determined  during  twin-engine 
o])eration  in  clear  air  at  the  following  flight  conditions: 


Fliuhi  condition 

Approximati* 
presi^ure  altitude 

(rn 

1.  Ivcvcl  flipht.  onpincs  ojuMutod  at  l.WHi  rpm,  with— 

2.’),  (KMt 

IS.tHH)  10.  (MM) 

14,  IKM)  0,  IKM) 

4.  (MM) 

2.  Level  dipht,  cnpiiies  oiKTiited  :il  2,(C>()  rpm,  Uirottie?  at  about 
5f>-porcent  maximum  conimuous  power. 

4.  (MX)  IS.  (M)0 

a  Level  flipht,  enpines  operated  at  2.4(Kt  rpm  and  full  throttle . 

2'.),  (MM)  IH.(MM)  i 
2o.tM)0  14.0(M)  1 

»i,  tHH)  i 

‘i.  Climhat  400  feet  lU'r  minute,  •2,o:)0  rpm.  ihrottU*  for  normal  eliinh 

4,000  10,  (MM) 

0.  (MM)  IS,  ()()() 

Climb  at  approximately  i:ui  mpli.  eiipities  operated  at  •!(>  in.  lip 
manifold  jiressuriMind  2,4U()  rptii  (rated  power  elimf>  . 

:  la.  (K);)  10,  (M)l)  ' 

,\(MI0 

r,  iU  ‘Uut  f(H‘t  in’i-  ininuiv,  2,or.t)  rpiii.  throiilr  for  noriiuil  is, (KXi  !U, (xxi 

doscviil.  n.lHMi  »U)00 


In  addition,  performance  data  Aveix*  obtainc’d  during  singl(*- 
engine  operation  at  the  following  conditions: 


FliLdit  condition 

i  Approximate  pn‘>- 
.  sure  altitude  (ft  t 

i  7.  Approximately  n,^>  mph  indicated  air.speed,  siuple  enpine  opet- 
aied  at  maximum  eontinuous  power,  llipht  attitude  adjusted 
to  L’ive  desired  indicated  airspt'ed 

IK.  000  1  ]:(.  000 

14.000  lO.tHIO 
OOlt 

;  8.  Descent  at  about  400  feet  p(‘r  mimite  and  at>l)n)ximately  Dii 
inph  indicated  airsiu'ed.  simile  enpine  operated  at  l.ooo  rpm. 
manifold  pressure  as  respiired 

IS.  000  10.  (MMI 

n,  ooo 

1  0.  l.evel  IliphI  at  aiiproximately  IdO  mph.  simile  enpiiu'  (tpcratinp 
at  2.10;)  rpm.  manifold  pressure  as  retpiired 

10,  (Mil)  (KM) 

10.  l)t'scet)iat  ai)i)roxitnalel>'  IHO  mph  iudieati'd  airspeed,  sincle 
eiipim-  operated  at  .'to  in.  lip  manifold  pre.s.'^ure  and  MMll)  rpm 

11).  (H)0 

i 

1  Sinple-eiipim*  eeilinp. 

^bh(‘  sin'2;l('-(‘ngiiu‘  tests  wer(‘  conduct ('d  at  all  of  the  for(‘- 
going  conditions  with  tin'  riglit  ])ro])eller  f(*atlu‘ro(l.  and 
wen*  re])eat(‘d  at  all  these  conditions  exce])t  Xo.  7,  with  the 
h'ft  ])ro])eller  h'atheretl.  For  the  tests  with  the  lelt  ])i’0])eller 
f(*ath(‘red.  the  venturi  meter  in  tin*  crossov(‘r  duct  was 
i*eversed  in  order  to  mc^asure  tlu*  h('at(‘d  airflow  rates  Irom 
the  right  outboard  heat  exchanger  to  the  h'lt-wing  out(‘r 
panel. 

Id  NO  TESTS 

Flights  wer(*  made  in  natural  icing  conditions  whenever 
such  conditions  were  available  during  the  ])ei’iod  from 
January  10  to  April  1,  1944,  in  a  500-mile  radius  area  sur¬ 
rounding  Minneapolis,  Minn,  blight  data  were  taken  at 
the  1,900  rpm  cruise  condition  (condition  1  (b)  of  clear  air 
tests)  and,  to  a  limit(*d  extent,  at  the  maximum-rangi‘-cruise 
condition.  Tests  were  made  both  at  full  heat  ca])acity  for 
tlu*  system  and  at  reduced  heat  air-flow  rates.  Data  were 
taken  when  conditions  were  of  sufRcient  extent  and  intensity 
to  obtain  a  complete  sot  of  readings  and  observations. 

The  extent  to  which  frost  was  removed  from  the  heated 
surfaces  when  the  airplane  was  at  rest  on  the  ground  was 
observed.  The  extent  to  which  ice  was  removed  during 
the  take-off  o])eration  was  also  investigated,  bor  these 
tests,  artificial  icing  conditions  which  simulated  a  freezing 
rain  were  provided  bv  the  use  of  a  water  spray.  The  ice 
was  applied  in  chordwise  strips  one-sixteenth  inch  thick  and 
2  feet  wide  to  tlu*  wing  outer  panels  at  station  159.  The 
strips  covered  the  entiri*  choj'd.  The  tests  were  conducted 
on  an  overcast  day  to  reduce  the  solar  radiation  eflects. 

RESULTS  OF  THE  CLEAR-AIR  TESTS 

The  performance  of  tlu*  thermal  ice-])revention  system 
in  clear  air  is  ])j’esent('(l  in  tal)les  1  and  11.  Table  1  ])resents 
the  test  results  for  the  twin-engine  conditions,  and  table  11 
])resents  tlu*  singl(*-engin(*  I'esidls.  Tlu'si*  labl(*s  ])r(*sent 
tlu*  basic  ])eriormanc(*  of  the  thermal  .system  in  tcTins  ol 
calctdat(*(l  vahu's  of  lu'at  (low  bas(*d  oji  r(*coi*d('d  t(*m])(‘i’a- 
tures  and  air-flow  rales.  Furlhei*  data  can  hi*  found  in 
refert'nce  11. 


INVESTIGATION  01  A  THEHMAL  ICE-PIiEVENTION  SYSTEM  FOU  A  TWIN-ENGINE  TKANSPOKT  AIRPLANE 
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lABLLJ.  11  ^  •  vvmvi'  ATIOX  IX  CLKAH  AIK 


VAIVY  1 -OrEIlATIXd  CONDITION'S 


!  Eni:inp  openitins:  conilitions 


FliL’ht  «)ipli-  ' 
lioJl  (SL‘f  U'\l  t  i 

i 

Flight  I 
No.  1 

Hun 

No. 

Prcssnrp  I 
iiltiimif  . 
(H) 

C  orrect  |  i 

imlicuU'd  .jirtcmp,; 
lurspi’Pil  /c  {.'.  : 

(mph)  j  : 

Manifold 

pressure  11  lower  ; 

On.  of 

11)1.  I 

Airplane  at  ti- 
lude 

I  (;r  - .  i 

4 

24,700 

133  i  -17 

22  1.000  liilili  j 

Level 

1  (ti-  . 

22 

37 

(U) 

(ii 

12 

1 

1 

3 

3.  y(K) 

0.  000 

13.  700 

10.  103 
IK.IKH) 

1K7  1 

IK4 

ir.2 

Ml 

13.S 

3f. 

30  1 

JO 

31  1.000  I>o\v  1 

31  1.000  Low  1 

31  1.000  Low  j 

20*1  I.OtM)  l*ow 

30  l.OOO  llii:d 

Level 

___ 

(ir 

13 

4. (KIO 

IS.  (HM) 

1S7 

1.13 

30  2.0.10  Low 

20  2.0.10 

Level 

: 

i 

7U 

71) 

70 

70 

70 

3 

i  0 

20,  l.'iO 

24,  S(M) 

IS.  too 

14.300 

0.  277. 

117 

14S 

170 

MIS 

212 

-37 

-17 

13 

31 

.10 

23  2.400 

2s  2.400  Hieli 

32  ,  2,400  Hint) 

43  2.400  llieh 

43  2, 400  Low 

I^'vel 

!  4 . 

; 

22 

01 

if. 

17 

IS 

I 

4.  000 
*0.  l.'iO 
10. 000 
IK.  <KH) 

100 

l.'iO 

103 

133 

-li 

20  2,010  l.>nw 

2s  2. 010 

27  2. 010  Uw 

21  2,010  Low 

C'liml) 

1  ^ . 

7i 

1 

ii 

6.  («H» 
10.  (MM) 
1.1.  (KM) 

13.') 

12S 

120 

41 

I  li: 

30.1  2. 4(M)  Irfiw 

41)  2,  4(HI  IliL’li 

40  2, 4(M)  Hillli 

1  Climb 

i 

i  (i . 

1 

i  10 

:  20 

!  21 

i  " 

I  10.  (KM) 

'  or.o 

1  .1,000 

14.  (KK) 

1  IK.  (KK) 

i  100 

i  203 

1  MIS 

!  102 

170 

i  23 

1  30 

[  37 

1  S 

-11 

20.1  1.000 

31  1.000  1><1W 

3 1  1,000  Low 

27  !  2, 0.10  1  Low 

2S  1  2.0.10  1  Uich 

1  ' 

iH'seent 

PART  2.— IIKAT  DISTIURUTION 


Flipbt 
'condition 
(see  tcxl) 

Flipbt 

No. 

Run 

No. 

Exchiincer  beat  flows 
{l.tMH)  Blu/hr) 

ilcut  flows  to  heated  surfaces 
(1,(KK)  litu/br) 

Left 

outboard 

Left 

inboard 

Rlpbt 

inboard 

Left  wlnp 
outer 
panel 

Ripbt 

Stabilizer 

Fin 

To 

secondary 

exchanger 

1  (a)  . 

70 

4 

284 

2(i.1 

130 

2K4 

02 

100 

75 

1  (b) - 

22 

22 

37 

(K) 

r.i 

12 

K 

1 

1 

3 

392 

373 

320 

310 

323 

395 

300 

344 

33S 

2(21 

205 

207 

140 

1.13 

120 

392 

374 

329 

350 

323 

102 

102 

90 

81 

00 

13(1 

130 

113 

132 

113 

05 

02 

70 

85 

78 

^ . 

22 

Til 

13 

.1 

,301 

302 

412 

322 

2.31 

147 

.391 

3(i2 

111 

73 

140 

122 

102 

83 

3  . 

70 

70 

70  1 

70 

2 

3 

0 

273 

337 

303 

44(i 

521 

201 

340 

401 

422 

445 

124 

144 

l.% 

103 

2:i(i 

273 

337 

393 

44  f. 

.121 

52 

82 

07 

127 

8(i 

114 

132 

13S 

123 

72 

80 

84 

104 

122 

4 . 

1  22 

1  01 

If. 

17 

IS 

1 

3HS 

347 

3.10 

407 

411 

3fil 

350 

332 

;  223 

i  217 

1  211 

j  103 

3K-S 

347 

3.‘i0 

407 

in: 

103 

lls 

ss 

1  142 

137 

131 

III 

MK) 

04 

08 

00 

71 

71 

71 

1 

2 

3 

300 

300 

342 

37S 

34S 

277 

j  123 

100 
i  102 

309 

300 

342 

8.1 

70 

OS 

02 

04 

88 

83 

(i . 

37 

(il 

10 

20 

21 

312 

300 

302 

370 

402 

3,10 

343 

303 

312 

301 

I  200  i  352 

1  240  1  3(K' 

i  '2  IS  i  302 

j  IKl  i  370 

i  17S  1  402 

102 

101 

100 

70 

Sfi 

no 

13s 

134 

12S 

140 

01 

93 

00 

8.3 

••IS 

14 
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TABLE  I . — Concluded 

PART  3-SVKFACE  HEATIX(}  VALUE? 


Elisrhi 
cniuHlioii 
(see  text } 


I  Fli(ilU  i 
'  No.  I 


Run 

No. 


I  Avoruire  heal  clclivorod  iut 
i  siiuiiri*  foot  of  double  skin 
j  leadiiid  edtic  surface  (IHu/hr.' 


Average  heat  flow  through  skin 
surface  i)cr  stjinrn*  foot  of 
double  skin  surface  (RtuAu' 


Ratio  of  beat  fioxv  throuph 
heated  skin  surfaci'  to  heat 
delivereii  » 


I  lyeft  xvint: ! 
i  outer  I 
j  imnel  I 


Ripht 

stubi- 

lirer 


Vertical  !  Left  xvinp  i 
I  outer 
:  imnel  i  . 


Ripht 
stabi¬ 
lizer  2 


i  Vertical 
:  fin  5 


j  Left  xvinp 
i  outer 
I  panel 


Richi 

stabi¬ 

lizer 


Vertical 

fln 


no 

rd 


3.  you 
3,  540 
3.  1‘2() 
3.370 
3.  000 


4,750 
4.  70(1 
4,  2(M) 
3,940 
3,  220 


7.  500 
7.  570 
r>.  2K(I 
7.390 
G.  280 


1,470 
1,330 
1.320 
1,  2;io 
1,  130 


2.  270 
2.  150 
1.490 
1,  7G0 
1,410 


3.  fx'>0 
3.  GOO 
3.  090 
3.  840 
3.  200 


42 

3(i 

37 


22 

01 


j  3. 700 
I  3. 430 


5.  17(1 
3.  420 


H.  310 
G.  8(«) 


1.470 

1,240 


2,  300 
1.  520 


3. 970 
3.  500 


40 

30 


Is 

48 

120  1 

4."i 

48 

129  1 

35 

1  49 

125  i 

45 

i  52 

113 

1  52 

1 53  1 

:  44 

12!  I 

,  44 

1  52 

155  j 

70 

70 


2.  580 

3.  190 

3,  720 

4.  220 
4.  900 


I  4 _ i 


22 

01 


I  3.  OSO 
i  3. 290 
1  3.310 

j  3, 800 


I  3. 780 
i  3. 500 
i  3. 240 


2.  420 
3.3.50 

3.  820 

4.  520 

5.  920 

4,  800 

G.  350 

7. 3.50 

7,  700 

G.  8C.0 

l.(MH)  1.000 

1,2.50  i  1.200 

1.490  1  1.520 

1,720  i  2,020 

1,940  2. 5G0 

2.  480 
3.280 

3.  m) 
4.110 

3.  740 

39  4 1 

39  3'i 

40  40 

41  45 

39  ’  43 

52  195 

52  180 

A3  lf'3 

Ai  i  152 

54  :  15f' 

4.990 

4.  820 

5.  500 

!  4. 080 

7.  940 

1  7,(;50 

7.320 

1  8,  (KtO 

1,39(1  i  2.220 

1.3(H)  !  2.100 

1.330  i  2,500 

1.410  1  1.720 

2.  G70 
.2.GG0 

1  2.  G70 

i  2. 720 

38  .  44 

40  :  44 

1  40  1  45 

!  37  !  42 

34  i  FU 

35  142 

37  148 

34  150 

,  3.9,50 

I  3.  GSO 
3,490 

4.180  i  1.420  i  1.G90 

3.790  1.290  ■  •  1.510 

3.450  1.200  1.4G() 

2. 220 

2.  (K)0 
l.SGO 

38  .  43  ,  5;i  Ld 

37  ,  42  1  W  ; 

37  42  1  54  1-J _ 

19 

20 
21 

3 


3.  340 

4.7.50 

G.  120 

1.330 

2.  120 

2.4GO 

40 

3,  420 

4.730 

7.G70 

1.410 

2.  IGO 

2.  490 

41 

3!  430 

4.G70 

7.490 

L3(’.(l 

2.  04  M 

2.  350 

40 

3!  500 

3.  GSO 

7.  IGO  i 

1.490 

l.tvki 

2.  2G() 

3.810 

3.  990 

7, 820  I 

1, 110 

!  1. 570 

2, 7G0  i 

40 

43 

44 
39 


31 

31 

32 
35 


100 

lOf. 

125 

140 


iSSESsEiiiiiiiSSliS-liS 

«  Average  imrcetU  chord  Uauling-i'dge  lenux'raiures  al  stations  24,  81,  laJ,  .90,  and  380. 


d  the  total  neaieu-air-nuM  uur  “  V”"' 
d  heated-airdlow  rale  to  the  verlical  hn. 


table  II 


— TIIEHMAl.  PERFORMANCE  OF  THE  AVIXG  ICE-PREVENTION 

IN  CLE.YR  AIR 


SYSTEM  DURINC.  SINGLE  ENGINIO  OPERATION 


PART  1.— OI’ERATINO  CONDITIONS 


Flight  con¬ 
dition 
(see  text) 

Flight 

Run 

Pressure 

altitude 

(ft) 

Corrected 

indicated 

airspeed 

(mph) 

Manifold 

(in. 

pressure 

Rpm 

i 

Anibieiu 
air'F  : 

: 

Super 

charger 

blower 

Flight 

altitude 

No. 

No. 

Left 

Right 

Left 

.  Right 

setting 

_ 

104 

2 

18.000 

IIS 

35.3 

39.9 

2.400 

2.  400 

n 

11 

0 

0 

2:)  i 

41 

45 

High . 

High . 

De.scent. 

Descent. 

104 

3 

14,000 

117 

High _ 

l/TVel. 

104 

4 

13.  0(M) 

114 

40 

.  — 

Higii . 

Climh. 

104 

101 

\ 

10.  240 

5.  (H)0 

lie. 

117 

40 

40 

2.  400 

75 

Low .  - 

Clinih. 

8  . 

1(I3 

1 

18.  000 

137 

29.  2 

].‘K)0 

1.900 

1.900 

0 

0 

0 

?o 

High . 

IjOW . 

400  ft/iniii 
descen  t , 

10.3 
;  103 

- 

10.  000 

G.  (K)0 

142 

‘  140 

2;b  8 
24.  0 

59 

Low . . 

103 

104 

:  4 

!  8 

I  in.  000 

G.  000 

128 

131 

35.  7 
!  37. 2 

1  . 

2. 400 

2,  400 

(I 

0 

.5(1  1 

74  i 

High . 

laiw . 

!  Level 
;  flight. 

10 _ 

1  104 

'  G 

1  9, 500 

130 

!  30 

1  1, 900 

!  0 

!  57 

Low . 

!  Descent. 

1  105 

1 

18,  000 

:  138 

28.  S 
’  30. 0 

27.  1 

0 

0 

:  0 

'  1.  WO 

21.5  i 
51 

High . 

1  High . 

1  400  fi/min 

!  10.5 

105 

3 

1  10, 000 
i  G.  000 

'  137 

1  13S 

1  . 

bUOO 

04 

i  Low . . - 

j  descent- 

i  105 

!  105 

i  G 

1 

9,900 
i\.  000 

127 

127 

40.  0 

0 

0 

2,  400 

2,  401! 

05 

High . - 

1  Low. _ 
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A  comparison  of  th(‘  experimental  test  results  and  tlu* 
design  analysis  of  reference  8  introduces  the  opportunity  for 
considering  the  heat -transfer  relationships  discussed  in  th(‘ 
analysis  (reference  8)  and  the  indications  of  actual  heat- 
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transler  phenomena  resulting  during  the  tests.  A  graphical 
comparison  of  experimental  and  analyti(*al  air  and  skin 
temperatures  above  ambient-air  temperature  is  presented 
for  the  four  wing  outer-panel  stations  analyzed  in  figures 
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IciniKTaturc  ii.-;cs  above  anihieiit-air  temperature  for  wine  station  3s(i. 


10.  17,  18.  and  19.  Tlu'  skiii-lomporaturo  comnddon  sliown 
ill  these  fi^urf's  was  based  on  the  washer-suriaee  thennoeouple 
tests  previously  discussed.  The  test  results  are  taken  fiom 
data  reeordt'd  during  flight  01.  run  5  (tahk'  1),  which  approxi¬ 
mated  the  analytical  desipi  eonditions.  During  this  run  the 
total  heated-air-flow  rate  was  4,015  pounds  per  hour  to  the 
left-wing  outer  panel,  as  compared  with  an  analytic  flow 
rate  of  4,130  pounds  per  hour,  and  tiie  temperatures  of  the 
air  entering  the  eorrugations  agreed  closely  with  th(‘  assumed 
air  temperatures.  The  air-lemperature  rise*  thiough  the 
exchanger  was  309°  F  (09°  F  above  the  temperature  rise  of 
the  analysis),  resulting  in  a  thermal  output  of  302,000  Bin 
per  hour.  This  is  20  percent  higher  than  tlu'  anticipated 
value  of  300,000  Btu  per  hour.  Nevertheless,  the  air- 
temperature  (‘liaiige  from  tlu*  exchanger  outlet  to  the  corru¬ 
gation  inlets  was  sufhelent  to  giv(‘  approximately  the  cor¬ 
rugation  air-inlet  temperatures  of  th(‘  analysis  at  all  hut 
one  station  (380).  Furthermore,  the  temperature  of  the  air 
entering  the  corrugation  at  station  380  was  higlua*  than  at 
any  other  station.^  These  two  facts,  togethci*  with  a  con¬ 
sideration  of  the  leading-edge  eonstruetion  (fig.  12).  indicate 
that  some  of  the  heat  was  transferred  from  the  air  in  passing 
between  the  nose-rih  liner  and  the  eorrugations  to  the 
corrugation  inner  surfaces,  and  ultimately  to  the  outer  skin, 
causing  a  decrease  in  heated-air  temperature  from  the 
leading-edge  duct  to  the  corrugation  inlets.  Since  the  nose- 
rib  liner  ends  at  station  292,  this  effect  would  not  prevail 
at  station  380,  and  the  temperature  of  the  air  at  the  eorruga- 
tiou  entrance  would  he  substantially  the  same  as  in  the 
leading-edge  duet  at  this  point. 


Fen  Ki;  ‘JO,  -  Variaiioii  of  hoafed  air  flow  rate.s  atul  lernperatiuTS.  iiidieate.i  airspeed  and 
inatiifold  pressure  witli  pressure  alt ii tide  tesi  eondiiiou  3:  Full  Ihrofde;  twin  encinr 
operalioii. 
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0~percen  t -  chord  poin  /,  in. 

Figure  21.— Left  wine  outer  punel  stulion  159  chord  wise  skin-  iind  uir-tcinperature  distri¬ 
butions  at  various  altitudes.  Test  condition  3:  Full  throttle;  twin  engine  ofxTation. 

T!i(‘  indicatt'd  air-tom])miturc  drops  through  the  corruga¬ 
tions  at  stations  84,  159,  and  290  recorded  during  the  test 
flight  were  in  fairly  dost*  agi'eement  with  the  calculated 
values  from  th(‘  analysis,  but  the  air-temperature  clrange 
tlirough  the  corrugations  at  station  380  was  considerably 
gi’eater  than  calculated.  Tlius,  at  all  points  the  total  heat 
transferred  from  the  lieated  air  to  the  skin  was  higher  than 
calculated.  It  should  b(‘  realized,  tlien,  that  the  average 
heat  flow  tlirough  the  heated  surface,  sliovTi  in  table  1  and 
calculated  from  the  air-temperature  change  through  the 
corrugations,  is  not  tin*  total  heat  flow  through  the  surface. 
Further  eviden<‘e  of  thes(‘  facts  is  (*xeinplified  in  the  results 
of  the  skin-temperature  indications  from  the  tests.  The 
nverag(‘  corrected  skin-t(un])erature  ris(‘s  obtained  from  the 
fliglit-test  data  were  ap])roximat(‘ly  60°  F  higlier  than  calcu¬ 
lated.  indicating  that  a  ginaiter  amount  of  heat  had  been 
liansfei-i’ed  from  the  healed  air  to  the  skin  than  had  been 
calculated  in  the  analysis.  Conduction  and  ladiation  effects 
from  tlie  corrugation  walls  to  th(‘  heat(‘d  surfaces  wei’e  con- 
s{'rvatively  neglected  in  tin*  analysis,  and  this  fact  probably 
a<*counts  in  part  for  tlu*  Iow(‘r  calculat(‘d  skin  temperatures. 

The  rapid  decrease'  in  skin-tem];eratur(‘  rise'  shown  in 
(igure's  16,  17,  18,  and  19  in  tin'  region  imiiiediat.(‘ly  aft  of  the 
ballh'  plate'  is  ])iol;aldy  a  n'sult  of  two  effe'e'ts.  The  first  and 


Figure  22.— RiRht  stabilizer  station  125  chordwlse  skin-  and  air-temperature  distribution 
at  various  ultltude.s,  Test  condition  3:  Full  throttle;  twin  enpine  oix’rution. 


most  important  effect  is  tlie  location  of  tlu*  transition  region. 
In  the  analysis,  tin'  point  of  transition  from  laminar  to  turbu¬ 
lent  flow  was  calculated  to  be  well  aft  of  the  heated  i^egion. 
This  was  for  an  aerodynamically  smooth  Aving.  It  is  indi¬ 
cated  from  the  decrease  in  skin-temperature  rise  in  the  region 
from  about  5  to  10  percent  chord  that  transition  a<'tiially 
occurred  in  tliis  area.  Such  a  condition  could  conc(Mvahly 
prevail  in  view  of  the  relatively  rough  surface'  and  waviness 
of  the  wing.  Tiie  second  effect  is  tlie  location  of  tlu'  baffle 
plate.  Aft  of  this  point,  tlu'  skin  received  no  heat  from  the 
air  in  the  D-du<‘t  before'  entering  the  corrugations.  For  this 
reason,  the  surfae'e  tempe'rature  woiilel  tend  to  eiecrease  aft 
of  about  5  percent  e*hord. 

The  effects  of  altituelc  on  tlie  thermal  performane-e  of  the 
ice-jireveuition  system  during  level  twin-engine  flight  are*, 
sliovn  in  figure's  20  to  24.  For  h'vel  flight  at  any  of  the  test 
altitude's  below  25,000  feet,  the'  temperature  rise  of  the' 
leading-e'dge  skin  of  the'  wing  and  emjit'unage  was  approxi¬ 
mately  the  same'  for  all  of  the'  engine  o])erating  conditions 
cm])loye‘d.  Tlie'  curve's  of  figuiTS  20  to  24,  therefore,  have' 
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Df stance  around  surface  measured  chordwise 
from  0-percent  chord  point,  in. 

Figuke  2.S.— Vertical  fin  stulion  124  chordwise  skin*  and  air-ten) pcraturo  distribution  at 
various  altitudes.  I'est  condition  3;  Full  throttle;  twin  engine  operation. 

boon  proscTited  for  coiiditioi)  3  of  table  1  onl3^  Fij^urc  20 
illustrates  the  variation  with  altitude  of  the  flow  rates  and 
temperatures  of  the  air  delivered  to  the  left-wing  outer  panel, 
the  right  stabilizer,  and  the  vertical  fin,  and  also  the  varia¬ 
tion  with  altitude  of  manifold  pressure  and  indicated  airspeed. 
Figures  21  through  23  present,  respectively-,  the  chordwise 
skin-  and  air-tem])erature  distribution  at  wing  station  159, 
stabilizer  station  125,  and  fin  station  124.  Figure  24  illus¬ 
trates  the  variation  with  altitu(h‘  of  th(‘  average  skin  tem¬ 
perature  forward  of  the  baflle  plates  for  the  left-wing  oiitei* 
})anel,  the  right  stabilizer,  and  the  vertical  fin.  The  ambient- 
air-temperature  variation  with  altitude  for  the  full-throttle 
tests  is  also  included  in  figure  24. 

Th('  change  with  altitude  of  the  average  actual  skin  tem¬ 
peratures  of  the  l(‘ading-edg('  ri'gions  of  th('  wing,  stabilizer, 


Fig  HUE  24. — Variiition  with  altitude  of  average  skin  tern penU  tires  forward  of  ImfTle  plates 
for  left  wing  outer  panel,  right  stabilirer  and  vertical  fin.  'I'e.st  condition  3:  ]''ull  tlirotlle; 
twin  engine  ofieration. 


and  fin  heated  surfaces  forward  of  the  baffle  plates  (fig.  24) 
was  less  than  30°  F  for  the  altitude  range  below  25,000  feet 
pressure  altitude.  The  rapid  decrease  of  thest*  average 
temperatures  above  25,000  feet  pressure  altitud(‘  is  of  little 
concern,  since  the  normal  operating  altitude  rangt'  of  the 
test  airplane  is  well  below » 25,000  feet  pressure  altitude. 
The  ambient-air  temperatures  for  these  tests,  plotted  in 
figure  24,  did  not  correspond  to  standard  ambient-air 
temperature;  however,  tlie  ambient-air-temperature  gradient 
which  prevail(‘d  did  correspond  closely  to  the  standard 
ambient-air-temperatiire  gradient  (0.00350°  F/ft).  Thus, 
for  tlie  altitude  range  below  25,000  feet  pressure  altitude,  the 
af'tual  leading-edge  skin  temperatures  would  varv  little  at 
any  of  the  test  flight  conditions  and  altitudes  if  a  standard 
ambienl-air-temperatiire  gradient  prevailed. 

Considering  iK'xt  tlu‘  singh'-eiigine  tests,  th(‘  cbordwisc* 
air-  and  skin-temperature  variations  at  wing  station  380  are 
])reseiUed  in  figure  25  for  the  flights  conducted  at  10,000 
feet  ])ressure  altitud(‘. 
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Kjgvre  23.— Left  wing  outer  panel  station  380  skin-  and  air-temperature  distribution  for  right  and  left  single  engine  operation  at  10,000  feet  pressim’  altitude. 


The  skin-tomporaturo  rises  (above  ambient-air  tempera¬ 
ture)  were  about  the  same,  irrespective  of  test  altitudes  and 
flight  conditions  and  irrespective  of  which  engine  was 
operated.  Thus,  if  the  actual  skin  temperatures  were  re¬ 
ferred  to  a  standard  ambient-air-temperature  gradient,  they 
would  decrease  at  approximately  the  same  rate  as  the  stand¬ 
ard  ambient-air  temperatures  decrease  with  altitude.  The 
adequacy  of  the  temperature  rises  presented  in  figure  25  for 
th('  prevention  of  the  accretion  of  ice  will  1)(‘  discussed  aft(*r 
th('  icing  test  results  have  been  pn'sented. 

RESULTS  OF  THE  ICING  TESTS 

The  test  results  obtained  in  natural-icing  conditions  for 
tile  wing  and  th(‘  empennage  are  presented  in  tables  III 
and  IV  for  full-  and  reduced-heated-air-flow  rates,  resp(‘c~ 
tively.  The  thermal  data  for  the  secondar}"  heat  exchanger 
and  the  windshield  are  presented  in  table  V,  which  also 
includes  one  flight  in  clear  air.  The  severity  of  icing  (light, 


moderate,  and  heavy)  noted  in  part  1  of  tabl(‘s  III  and  IV 
was  arbitrarily  selected  to  provide  a  means  for  comparing 
flights.  The  degree  of  severity  assigned  to  (‘ach  condition 
was  based  on  the  past  experience  of  the  pilots  and  the  flight 
test  engineers,  utilizing  the  following  approximate  criteria. 
The  light  icing  conditions  would  probably  permit  flight 
without  any  means  of  ice  protection.  Tlu*  heavy  icing 
(•onditions  would  probably  cause  an  unprotected  airplane  to 
descend  in  a  short  time.  Those  conditions  designated  as 
moderate  are  representative  of  intermediate  conditions. 

The  thermal  ice-prev(‘ntion  system  was  operatcnl  17!^ 
hours  in  flight,  30  hours  of  which  were  in  natural-icing  con¬ 
ditions.  Any  ice  accumulations  on  the  wings,  empennage, 
and  windshield  surfaces  were  slight,  and  did  not  notic(‘abIy 
affect  the  operational  performance  of  the  airplaiu'.  On  tlu* 
basis  of  the  observed  performance,  the  thermal  system  (‘ould 
be  said  to  provide  satisfactory  protection  to  th{‘S(‘  heatcul 
areas. 

nURINO  FrhL-lIKAT-FEOW  TESTS  IN 


TABLE  in.— PERFORMANCE  OF  THE  THERMAL  ICE-PREVENTION  SYSTEM 
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31.3 

l.tHMI  1 

Light . . . 

(Hazf. 

Jan.  fltl.  1944  : 

29 

2  ! 

.3.  320 

149  i 

30 

20  3 

1.0)K) 

.M  oderate . .  . 

:  (Haze. 

Feb.  7.  1944  .  ! 

34 

2 

4.  .300 

132 

22 

27 

i.t:<M)  i 

Light  . .  .. 

(Haze  and  riioc 

Feb.  14.  1944 

41 

0  : 

3.30(1 

102 

20 

27.  3 

l.r>iHt  I 

Moderate . 

(.Haze. 

lUijjJu  inboard  hi-at  t‘\channer  oIT, 

Nutk.-  All  flights  wert*  conduett'd  within  3UU  milos  of  Minncupolis,  Minn.,  t'.xccpt  flight  49  which  wlls  n  f(‘rry  fligfit  from  MolTctt  Field,  Calif,  to  .M iimeapolL^,  Mtnii, 
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TABLE  1 1 1 . — C’ontiiniod 
PART  2.-  IIKAT  DISTKIBVTIOX 


Kliizh:  Nt>.  Kun  No. 


Kxclu„.|.'..r  l„.ut  floxv.s  Hlu/tu  )  ^  R,.,,,  (U»v.x  lo  .^u.  tovs  (l.nno  IHu/hr) _ | 

;  '  ,  ,  •  TJirrht  i  I  To  secondary: 

,  ol;!:;  pS.  ,  stSor  j  : 


29 

24 

1 

1 

.249 

248 

41 

297 

49 

1 

240 

.50 

4 

422 

51 

1 

414 

I 

'  .200 

59 

1 

414 

(3;i 

1 

420 

1 

415 

29 

24 

2(37 
i  271 

41 

1  0 

1  22(3 

410 

20(3 

471 

'M)S 

:ioo 
41.'> 
3;ss 
402 
440 
:is7 
207 
27  K 

'm 


I4:i 

171 

101 

io:i 

1«0 

1S7 

140 

17:i 

0 

ifd 

l4:i 

I4:i 

IM 


:i4s 

'Mil 

:i4() 

42:i 

414 

:4oo 

414 

420 

4l.'’i 

207 

271 

2;io 


8K 

79 

90 

90 

SS 

119 

0! 

H9 

00 

04 

7:1 


129 

120 

145 

120 

15S 

157 

145 

lAS 

97 

14X 

i:ir. 

100 

119 


so 

87 

95 

89 

101 

109 

81 

97 

04 

91 

OS 

07 

7;} 


BAUT 


:i.-SUKFArE  IIKATINd  VALUES 


FliiJlu 

No. 


Hun 

No. 


I  Wonice  heat  dolivonxl  per  spuare 
i  fotx  of  douhle-.skin  leadiiiK-edce  sur* 
i  nice  fHtu/hr) 


i  I  '‘skinlu'So'uM/rarSxw  |  l£',Suj 

i  surface  (Htu/hr)  i  ’  - 


i  Left  winj:  '  Ki^-'ht 
I  out(*r  panel  slahilir.er 


Vertical 

fin 


1  Left  witu: 

I  outer  panel 


29 

:i4 

41 

49 

,'■>0 

51 

57 

59 

0.2 

05 

29 

04 

41 


.200 
21«' 
700 
22!  I 
000 
920 
S40 
920 
980 
920 
520 
570 
240 


2,070 


2, 


70 


.  100 
.2.  070 
4.  470 
4,  .5t)0 

4.  110 

5.  .5K0 
2.  8.20 
4,  1.50 
2.  800 
M  000 
.2,  400 


7.  ISO 
7.040 
K  100 

7.  000 

8,  790 
8,  750 
K  000 
8.  800 
5.  400 
8,  2S0 
7.510 
5,  580 
0,  6.50 


1,490 
1.510 
1.000 
1.280 
l.KtO 
1.780 
1.810 
1.670 
1.5.20 
I.. 570 
1.  170 
1.070 
1.480 


Uiirht  i 
stabilizer  *  j 

Vertical  ' 
tin  ■'  ' 

1.440  ! 

2.  580 

1.920  i 

2,  480 

2,  160 

2.  880 

1.8.20 

2. 290 

2.  290 

4.610  . 

'  2. 540  i 

4.  ,5;?0  i 

i  2. 070  ; 

4.  .200  1 

2.  170  ; 

4.  62(1 

!  1.250  1 

2. 900 

;  1.970 

4.340  1 

!  1.420 

2. 840  j 

i  1.210 

2. 770  ! 

1  1, 6  H0 

»,3I0  J 

Left  witit: 


I  Calculated  on 
J  Calculated  on 
3  Calculated  on 


basis  of  avi'raye 
hasl.s  of  average 
biusis  of  averuiie 


SS=S3£iH3SiiiK5ii=H=£-SS^ 


,3,.  .v,_„n.K„a,xKr,.:  or  ™r  Tnrrxo.  k,™  — o.„r..T.,.,.o.v  xrrrr  ,x 

PAUT  1....0PEUATIN(!  CON'DITIONS 


i  i)at<‘ of  flight 

j 

1 

1 

Flight  i 
No. 

Run 

Ne. 

Prc.ssure 

Altitud(‘ 

(ft) 

! 

i  Engine  conilitions 

Severity  of 
icing 

indicated  | 
airspet'd  | 

(inidi) 

.Ambient  '  ^ 

!  .Manifold 
(  ^  1  pressure 

i  (in,  Hg) 

Kpin 

iiSiiiiii 

:  29  ■ 

i  24 
!  41 

■  50 

1  51 

1  59 

!  (30 

1  (32 

i  (35 

;  2 

•i 

2 

2 

4 

5,  500 

1  4,620 

i  2.760 

5.  5(K) 

!  ,5, 200 

i  5.  250 

2. 450 

2.  900 
'j  4.0.50 

162  1 

1.59  i 

182 

1.52  1 

1(34 

162 

KVl 

165 

170 

20 

21 

22 

2(3 

28 

28 

17 

27 

27 

21 

21 

21.5 

21 

21 

21 

21.5 

21 

21 

1.900 
l.ltOO 

1.900 

1.900 
1.900 

1.  900 
I.9(K1 
1.900 
1,9(K) 

Moderate  ... 

Moderate . 

i  Light  . 

Heavy . 

Moderate. . .  - 
Eight  _ 

High i 

Light . 

Light . . 

Ty|)e  of  icinp 


Olazt'. 

(Haze  and  rime. 
Glaze. 

Kouph  plaze. 
Glaze. 

Glaze. 

Rime. 

Glaze. 

Glaze. 


o  _heaT  distribution 


I 


»  nmoTtin/hri  '  Heat  flows  to  healed  surfaces  {1  .(KlO  Blu/liD 

Kxchiiniter  heat  flows  (l.fHK)  IHU/nc  mat  uu  _ _ _ 


!  Flitrhi  No.  i  Itun  No. 


29 

:d 

41 


51 
.  55 


INVKSTiCATJON  OK  A  THKHAIAL  IC'h>PHEVEXTIOX  SYSTEM  FOK  A  TWIX-EXGIXE  TRANSPOET  AIRPLANE 
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TABLE  IV.— (  oiicludod 

Tart  SrKK.\rE  Heatini;  Vau'es 


Fliuhi 

No. 

Kun 

No. 

.•\vc*ratM‘  heal  flclivf'rrd  per  stiiiarc  foot 
of  douhlc-.skin  IcikUui:  oArc  .surfiic<‘ 
(Htu/hr) 

verapo  h<‘at  flow  ihrouch  heat<‘(l  skin 
surfaee  i)er  .spuare  foot  of  douhlf'-skin 
surface  ( Htu/iiri 

Ratio  of  heat  flow  throuph  heated 
skin  surfa'“(>  to  heat  delivered 

A  verape 
teiiiper- 
aiurerise 
of  winp 
:  outer  pane! 

tiercent 
i  chord  F' 

1  L('ft  wiriR 
i  outer  pane] 

i  Kipht  st  abi¬ 
lizer 

Vertical 

flu 

Eeft  winp 
outer  panel ' 

j 

1  Kipht  stahi- 

j  li7.<T  • 

Vertical 

1  fin  •* 

Left  winp 
outer  panel 

Kicht  stahi* 
lizer  i 

Vertical 

fin 

.'■>40 

250 

0.48 

i 

:i9.  .5 

:x 

1  400 

700 

1 

,  52 

:  ,50.  5 

41 

'  S40 

1 

440 

. 

.  52 

47.  .5 

i.mto 

2.700 

.*>.  05(» 

8:10 

i  i.2ri(( 

2.  HXO 

.49 

0  4,5 

0.  57 

01 .  .5 

.'>1 

2 

i.:xo 

2.  WM) 

4,  no 

040 

970 

2.  :i(K) 

.47 

.  :i9 

fVl.  0 

1.020 

2.110 

;  or>o  1 

470 

!  wo 

1.970 

.  40 

.40 

..54 

71.0 

(H) 

4 

41X) 

;  1.890 

:  2. 9:i0  j 

240 

70ti 

I .  fiW) 

.  48  j 

.:i7  i 

..50. 

W  0 

fl'l 

2 

2.  .^>0)0 

1  4.  OKO  ! 

’  1.1 :«) 

2.  .'if.O 

.44 

.  .5.5 

2 

1  . 

2.  940 

!  .'i.  5f'.0  i 

i.:i7o 

i 

■  .  j 

.47  ; 

.  52 

. 

‘  ('aloiiliitcd  nti  biL'^is  of  avpra':('  tcinporatiin*  drop  of  tho  hi*nt('d  iiir  in  Ihr  corrtjjratioii.s  ai  stations  2t,  SI,  lAU,  2il0,  and  ;is(i,  and  tlu*  total  air-flow  rafo  from 
left  outboard  rxohanmT.  ,  .  .v.  •  » . 

*  ('alciilaicd  on  basis  of  avora>tc'  punporaltin*  drop  of  tho  hoatod  air  in  tlio  oorrupations  at  stations  R9.  IS/i,  and  171.  and  tho  total  air-flnw  ralo  to  tno  ripnt 

stabilixor.  ,  .  .  „  .  .  in 

*  (’alc'Ulatcd  on  basi.s  of  avorapo  u*nipi*ratun>  (iroj)  of  the  h<*atrd  air  in  tho  eorrupation.s  at  stations  124  an<l  170  and  the  total  air-flow  rate  to  ib<‘  vortical  tin. 


TAliLE  V,— PERFOKMANCE  OF  SECONDARY  HEAT  EX¬ 
CHANGER  AND  WINDSHIELD  THERMAL  ICE-PREVEN¬ 
TION  SYSTEM 


Flipht  No  . - 

01 

<■>4 

04 

fl5 

Kun  No . - . 

1 

I 

2 

s  aiu) 

s  nrto 

4.  50(» 
1,59 

l.itoo  rpn> 
(=1 

29 

1.  049 
30. 0(K) 

104 

('orrect  indiciiled  airspeed,  niph  .  . 

.\jrptane  oiM’raling  conditions  : . . 

.Meieomlopical  conditions  .  . 

.Ambient  air  tenif)eruturc  ®F  . 

.-\ir  flow  trorn  primary  cxchanpcr.  Ibs/hr.. 
Hcat  removed  from  primary  air.  Htu/hr 
Temperature  of  primary  air  <lisclmrped 
over  windshield,  ®F . 

i4;i 

:i),  in.  iU 
(') 

-12 
725 
20.  4(H) 

151 

10.5  104 

.  manifold  prossun'— 

(->  r-) 

21  21 

710  ^  1,088 
20. 4(M)  i  :j4,  7(K) 

i 

1 19  !  140 

Secnndarv  air  flow.  Ihs^hr . 

380 

650 

604 

589 

I'emperature  of  secondary  air  enterinp  ex- 
chunper,  “F . 

38 

48 

M 

63 

'reinperaliire  of  secondary  air  leavinp  ex- 
cluutper,  ®  F . 

208 

i;ii 

If  18 

189 

'remjiemlureof  air  enterinp  witnlshield  pap 

107 

124 

147 

172 

Temperature  of  air  diseharp(*cl  from  wiiid- 
shiehl  pap  to  cockpit,  “F  . 

1 

92  i 

90) 

111 

114 

Heat  delivered  to  windshield  ref(*rred  to 
ambient  air,  Btu/hr . 

! 

19,  9tK) 

17.400 

21,000 

22.900 

1  Clour  air. 
i  Lipht  ia'. 


Wing  outer  panel. — TJio  tiiornial  i(*e-provontioii  system 
essentially  prevented  the  foi-niation  of  ice  on  tlu'  wing  outer 
panels  when  operated  with  fnll-heat('d-air-flow  rates.  Tin* 
fidl-heated -air -flow  rates,  in  natural-icing  conditions,  pro¬ 
vided  average  heat  flows  through  the  left-wing  leading  edge 
(table  III,  pt.  3)  *of  approximately  1,100  to  1,800  Btu  per 
hour  per  square  foot  of  double-skin  leading-edge  surface, 
and  the  average*  0-pere(*nl-chord  surface  temperatures  abovt* 
ambient  (table  III,  pt.  3)  ranged  from  66°  to  113°  F.  The 
lowest  0-percent -chord  tem])eratur(‘  recorded  was  82°  F  at 
station  380.  Slight  runbae'k,  defim'd  as  the*  freezing  of  watei' 
which  runs  back  from  tlie  leading  edges,  was  note'd  on  flight 
34  in  the  30-  to  35-p('reent-(‘hord  region  of  tJu'  right-wing 
outei’  panel.  These  accre'tions  we^re*  intermittently  removed 
witli  constant  wing  oiitcr-pancl  heating. 

Ihiring  flight  49,  a  severe  im^leimMit  wf'atlu'r  condition  was 
encoiinter(‘d  ov(*r  tin*  Sierra  N(*vada  Mountains  hetwf'cn 
Sacramento.  Calif.,  and  Salt  Lake*  CMty,  IHah.  This  (‘oiidi- 
lion  can  h(*st  lx*  d(*s(‘rib(*d  as  a  very  heavy  snow  <‘omhine(l 
with  a  heavy  natural-icing  (‘ondition.  Snow  and  icc  formed 
in  tin*  stagnation-pr(*ssnr(*  rc'gion  along  tlx*  entiiv*  wing  s])an 
and  remained  for  api)ro\imat(*ly  10  minutes,  ddu*  thermal 
data  of  flight  49,  inin  1.  w(‘r(*  tak(*n  during  this  p(*riod  and 
indicatf*  that  tlx*  l(*ft-wing  ont(‘r-])an(*l  0-])erc('nt-(‘hord  skin 
l(‘m])eratni-(‘  was  api)roximat('ly  100°  F.  Evidently,  tlx* 


rapid  rate  at  which  the  snow  and  ice  accnimilated  and  tlx*  low 
ambient-air  temperature  (6°  F)  were  factors  that  permitted 
the  accretions  on  the  wing  leading  edge. 

The  reduced-heat  tests  (table  IV)  show  tlx*  effects  of  d(*- 
ci'casing  the  heat  flow  to  the  wing  outer  panel.  The  av(*rag(* 
lieat  flows  through  the  left-wing  leading  edge  (tabh*  IV,  pt. 
3)  during  tliese  tests  ranged  from  240  to  830  Btn  per  hour 
per  square  foot  of  double-skin  leading-edge  surface,  and  the 
average  O-percent-chord  temperatures  above  ambient  (table 
IV,  pt.  3)  ranged  from  about  40°  to  about  95°  F.  The  lowest 
0-percent-chord  temperature  recorded  was  50°  F  at  station 
380. 

A  comparison  of  the  reduced-heat  data  (table  TV)  with  tlu* 
single-engine-operation  data  (table  II)  permits  an  estimate* 
to  lx*  made  of  the  degi’co  of  ice  protectiou  that  would  he 
obtained  during  flight  in  natural-icing  conditions  when  one 
engine  has  failed.  The  average  heat  supplied  to  each  wing 
outer  panel  during  the  single-engine  tests  was  about  140,000 
Btu  per  hour  at  an  average  temperature  rise  a])ove  am])ient- 
air  temperature  of  about  330°  F.  Tlx*  heat  flows  to  the 
left-wing  outer  panel  given  in  table  IV,  which  provided 
protection  in  natnral-i{‘ing  conditions,  ranged  from  slightly 
above  this  amount  to  eonsiderahly  below,  and  tlx*  h(*ated- 
air-temperature  rises  above  amhiont-air  temperature*  wei’c 
lower.  The  indicated  airspeeds  at  which  the  reduced  lu'at- 
flow  data  were  taken  were  considerably  higher  than  those 
used  during  the  singlc-cn gin  e-operation  tests.  Thus,  a  lower 
external  lieat-transfer  coefficient  would  prevail  during  singk*- 
engim*  operation,  and  a  smaller  quantity  of  heat  would  he 
reqnirc'd  for  protection.  Thcr<*forc,  it  is  evident  that  limited 
})rotection  would  b(*  realized  in  natural-i(‘ing  conditions  when 
one  engine  has  failed.  This  limited  p7*otectiou  would  lx* 
adecjuate  for  icing  conditions  similar  to  those  (’nconnt(*re(l 
during  tlx*  natural  icing  (tables  III  and  H");  however,  it 
])rohahly  would  not  lx*  suflicient  to  ])rot(*ct  tlx*  air])hux*  iii 
icing  conditions  of  great (*r  s(*verity.  This  coni])arison,  and 
tlx*  <‘on(*lusions  drawn  tlx'refrom,  an*  s])(‘(‘ifically  for  tlx*  wing 
oul(*i‘  ])auels;  how(*v('r.  sinc{*  tlx*  characterivSti(“s  of  tlx* 
em])ennag(*  systems  ar(*  similar,  tlx*  conclusions  ar(*  ])nd)al)ly 
valid  for  tlu*  (‘iitirc  air])lan(‘. 

Kun  3  of  flight  29  was  takt'ii  aft(*r  tlx*  left-wing  outer-paiu*l 
leading  edge*  had  he(*n  allow(*d  to  (*ollect  a  hand  of  ic(^ 
throughout  the  span  and  tlu*  heated-air-flow  rate  was 
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slowly  iiuTC'ttScd  until  tlii'  ifo  was  removpd,  with  runback 
takiii^r  place.  The  avcra-r('  boat  flow  tbrougb  tb(>  wing 
leading  edge  during  this  test  was  250  Btu  per  hour  per 
scpiare  foot  of  double-skin  leading-edge  surfaee,  and  the 
r('sidting  average  0-p(ucent-cbord  temperature  above  amluent 
was  40°  F.  After  the  test,  the  beated-air-flow  rate  was 
inereased  to  full  and  the  runbaek  was  removed. 

During  flight  41,  run  5  was  taken  after  the  beated-air-flow 
rate  to  the  left-wing  outer  panel  was  decreased  until  the 
protection  was  considered  marginal.  The  average  beat  flow 
tbrougb  the  Aving  leading  edge  was  440  Btu  per  hour  per 
s<iuare  foot  of  double-skin  leading-edge  surface,  and  the 
resulting  0-pereent-ebord  leading-edge  temperature  above 
ambienrwas  48°  F.  The  lowest  O-pereent-ebord  temperature 
recorded  was  50°  F  at  station  380.  Small  accretions  of  icc 
bad  collected  on  the  left-wing  outer  panel  2  or  3  inches 
forward  of  the  front  spar  from  midspaii  outboard.  During 
the  other  rcduced-beated-air-flow-rate  tests  presenti'd  in 
table  IV,  the  thermal  ice-prevention  system  apparently 
supplied  the  same  protection  to  the  wing  outer  panels  ns 
did  the  full-beated-aa,r-now-rate  tests  taken  in  the  same 

natural-icing  conditions.  •  •  •  i 

Wing  tips. — Tlie  protection  realized  at  the  wing  ti])s  witli 
full  beat  flow  was  not,  sufficient  to  prevent  ice  in  the  heavy¬ 
icing  condition  and  in  several  of  the  moderate-icing  condi¬ 
tions  encountered.  The  most  common  ice  formations  in 
this  region  were  on  the  extreme  wing-tip  leading  edges. 
During  the  full-beat-flow  heavy-icing  condition,  flight  50, 
table  III,  and  during  the  reduced-heat  tests  in  the  heavy 
icing,  table  IV,  and  in  some  of  the  moderate-icing  conditions, 
the  formation  of  ice  was  continuous  along  the  leading  edge 
from  the  iving  tips  to  the  wing-tip  splices.  No  photographic 
data  were  taken  of  these  ice  accumulations,  since  they  could 
not  be  adequately  photographed  in  flight,  and  since  they 
never  remained  on  the  surface  after  landing.  The  internal 
structure  does  not  provide  a  sufficiently  high  heat-transfer 
coefficient  at  the  leading  edges  of  the  wing  tips. 

Wing  center  panel. — The  wing  center  panels  were  for  the 
most  part  adequately  protected.  A  very  small  jiatch  of  ice 
was  noted  to  lu'ciimiilate  on  the  flange  of  the  heat-cxchangei 
outlet-duct  fairing  where  the  diu'ting  enters  the  center-panel 
wing  leading  edge.  It  was  also  noted  that  snow  would 
pack  on  this  flange.  During  some  of  the  more  severe  icing 
conditions,  slight  accumulations  of  runback  were  noted  to 
form  on  the  iqiper  surface  of  the  wing  center  panel.  Ihe 
conditions  of  the  wing  center  jianels  were  the  same  as  those 
of  the  wing  oiilc-r  panels  during  flight  49.  I'emperatiire  data 
jiresented  in  reference  11  indicate  that  the  protection  was 
sufficient  at  all  times.  The  temperature  in  natural-icing 
conditions  at  the  0-])ercent -chord  leading  edge,  indicated  at 
station  90.  never  dropiied  below  104°  F,  even  during  the 
reduced-heateil-air-liow-rate  tests.  It  is  believed  that  a 


better  design  could  be  realized,  however,  by  revising  tlie 
heated-air  corrtigaiious  so  that  the  heated  air  enter t  it 
corrugations  at  the  leading  edge  of  tlu'  wing  instead  of  at 
tlu‘  inulorsidc*  ond  of  tho  (“omijrations. 

Horizontal  stabiUzers.— With  the  thermal  ice-pr-ev<uitioii 
svstem  directing  full-heated-air-flow  rates  to  the  horizontal 
stabilizers,  ice  fomied  on  the  leading  edges  of  the  stabilizer 
tips.  These  accumulations  were  similar  to  those  observi-d 
on  the  wing  tips,  and,  in  general,  formed  in  the  same  manner 
and  in  these  same  icing  conditions.  During  flight  34  at  thc 
time  data  were  taken,  slight  runback  was  noted  on  Ihi'  under¬ 
side  of  th('  right  stabilizer  panel  at  about  10  iiercent  ‘•['O'*  • 
No  obsiuvations  of  the  stabilizers  were  made  during  ihgb 
49,  The  thermal  data  for  the  horizontal  stabilizer  indicate 
that  the  temiieratures  realized  were  sufficient  to  prevent  ice. 
The  average  hiuit  flow  through  the  stabilizer  leading  edge 
in  natural-icing  conditions  ranged  from  about  l,2o0  to  about 
2,150  Btu  per  hour  ])er  square  foot  of  double-skm  leading- 
cdu'  surface  during  the  full-heated-air-flow-rate  tests  (table 

Ilf  pt.  3),  and  from  about  700  to  about  1,400  Btu  per  houi 
per’  square  foot  of  double-skin  leading-edge  surface  during 
tlie.  reduced-heated-air-flow-rate  tests  (table  IV,  pt.  31.  I  he 
lowt'St  0-percent-chord  temperature  recorded  for  the  sta  u  - 
izer,  exclusive  of  the  tip,  was  51°  F  at  station  C9  during  the 

rcducod-hoatod-air-flow-ratc  tests. 


Vertical  fin.— The  entire  surface  of  the  vertical  fin  mclud- 
ino’  the  tip  was  clear  of  ice  during  both  the  full-  and  reduced- 
hented-air-flow-rate  operations  of  the  thermal  ice-prevention 
system  The  temperatures  of  the  skin  surfaces  presented  in 
reference  11  indicate  that  the  quantity  of  heat  supplied  was 
more  than  adequate  for  complete  protection  in  the  test  icing 
conditions.  The  average  heat  flows  through  the  vertical-fin 
leading  edge,  in  natural-icing  conditions,  ranged  from  ap¬ 
proximately  2,700  to  4,600  Btu  per  hour  per  square  foot  of 
double-skin  leading-edge  surface  during  the  full-heated-aii- 
flow-rate  tests  (table  III,  pt.  3),  and  from  approximately 
1  600  to  2,900  Btu  per  hour  per  square  foot  of  double-skm 

ifadiiK^-edge  surface  during  the  reduccd-heated-air-flow-rate 
tests  (table  IV,  pt.  3) .  The  lowest  O-percent-chord  tempera¬ 
ture  recorded  was  81°  F  at  station  205  during  the  reduced- 
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Windshields.— The  pilots  and  copilot’s  windshields  were 
protected  from  ice  accumulations  in  all  the  natural-icuig-test 
conditiens.  The  external  heating  system  offered  thorough 
windshield  ice  prevention  in  all  the  natural-icing  com 
cxcciit  the  henvv-icing  condition  encountered  during  lligb 
50  During  this  flight  with  only  the  external  heating  systein 
in  operation,  the  pilot’s  and  copilot’s  windshields  coll.'c  ed 
ice  at  a  fast  rate  and  the  ice  almost  comidetely  covered  the 
windshields.  After  the  windshields  had  collected  ice,  as 
shown  in  figure  26,  the  internal  secondary  air-heating  system 


INVESTIGATION  OF  A  THERMAL  ICE-PREVENTION  SYSTEM  FOR  A  TWIN-ENGINE  TRANSPORT  AIRPLANE 


23 


was  placed  in  operation  without  inserting  the  double-panel 
windshields.  Figure  27  shows  the  partial  ice  removal  effected 
after  15  minutes.  It  was  noted  that  when  the  double-panel 
windshields  were  inserted,  the  rate  of  ice  removal  was  in¬ 
creased.  The  values  given  in  table  V  were  taken  during 
later  flights  and  provide  the  thermal  data  for  maximum  pro¬ 
tection  which  was  never  required  to  remove  or  prevent  ice 
in  any  of  the  natural-icing  conditions  encountered. 

These  tests  indicate  that  windshield  ice  prevention  may  be 
realized  by  the  passage  of  heated  air  over  the  outer  surface  of 
the  windshields.  Before  any  specific  design  criteria  for  this 
method  of  windshield  ice  prevention  can  be  established, 
however,  further  information  is  required  regarding  the  rela¬ 
tionships  of  the  following:  Temperature  and  flow  rate  of  the 
heated  air  delivered,  temperature  rise  above  ambient-air 
temperature  of  the  outer  surface  of  the  windshield,  pressure 
and  temperature  distribution  of  the  heated  air  flowing  in  the 
windshield  boundary  layer,  and  area  and  shape  of  the  wind¬ 
shield. 


Figure  26— Ice  accumulation  on  pilot’s  and  copilot’s  windshields  after  45  minutes  in  heavy¬ 
icing  conditions  with  only  primary  heated  air  directed  over  outside  surfaces  of  windshields. 
Photograph  taken  in  flight. 


Ice-removal  tests.— In  order  to  establish  the  effectiveness 
of  the  system  in  removing  ice  on  the  heated  surfaces  prior 
to  take-off,  tests  were  conducted  in  which  artificial  ice  was 
applied  to  stations  159  of  the  wing  outer  panels  as  previously 
discussed.  The  tests  were  conducted  at  a  ground  ambient- 
air  temperature  of  6°  F.  After  the  engines  had  been  started 
and  normal  engine  warm-up  had  taken  place  for  5  minutes, 
water  drops  started  forming  on  the  left-side  ice  application. 
While  the  airplane  was  taxied  out  of  the  runway  for  take-ofl', 
water  drops  were  forming  on  both  the  strips  of  ice,  but  no 
substantial  change  in  over-all  appearance  was  evident. 
Take-off  was  conducted  14  minutes  after  the  engines  had 
been  started  and  ice  removal  immediately  began  to  take 
place.  The  leading  edges  of  stations  159  were  clear  of  ice, 
as  shown  in  figure  28,  before  the  airplane  left  the  ground. 

Natural  frost  was  removed  from  the  wings,  the  empennage, 
and  the  windshields  of  the  airplane  on  cold  mornings  (—10"^ 
to  15°  F)  while  the  airplane  was  warmed  up  for  flight.  The 
frost  on  these  heated  surfaces  could  be  almost  completely 


Figure  27.— Partial  ice  removal  from  pilot’s  and  copilot’s  windshields  with  secondary 
heated  air  directed  over  the  inside  of  the  windshields  without  inserting  double  panels. 
Photograph  taken  in  flight. 


removed  after  conducting  engine  warm-up  for  not  more  than 
one-half  hour. 

During  flight,  in  many  of  the  natural-icing  conditions,  the 
leading  edge  of  the  left-wing  outer  panel  was  allowed  to 
collect  ice.  The  outboard  panel  was  always  cleared  of  the 
ice  accumulations  in  less  than  1  minute  after  full-heated -air¬ 
flow  rate  to  the  left  outer  wing  was  employed. 

The  frost-removal  and  artificial-ice-removal  test  indicate 
that  frost  or  ground  ice  collections  can  be  removed  sufficiently 
for  flight  by  the  thermal  ice-prevention  system.  The  flight- 
test  removal  of  natural  ice  indicates  that  protection  is 
realized  almost  immediately  in  flight  upon  placing  the  heat¬ 
ing  equipment  in  operation. 

Unprotected  surfaces. — The  unprotected  surfaces  which 
accumulated  ice  in  nearly  all  the  natural-icing  conditions 
encountered  were  the  engine  cowling,  the  carburetor  air 
inlets,  the  heat-exchanger  air  scoops,  the  stabilizer  splices, 
the  stabilizer  and  wing-tip  splices,  the  antennas,  the  antenna 
masts,  the  airspeed  masts,  the  free-air  thermometer,  and  the 


I?  IGURE  28.— Ice  removed  by  engine  warm-up  and  take-off  in  simulated  icing  tests. 
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domo  on  top  of  the  fuselage.  After  flight  60,  inspection  of 
^e  airplane  revealed  slight  rime-ice  accretions  on  the  undcr- 
si(^  of  the  ailerons  near  the  hinge  region  and  on  the  under¬ 
side  inboard  ends  of  the  elevators.  These  ice  accretions 
were  evidently  caused  by  air  flow  through  the  aileron  gap 
and  through  the  gap  between  the  inboard  ends  of  the  eleva¬ 
tors  and  the  fuselage  fairing.  Ice  formations  on  some  of  the 
unprotected  surfaces  are  shown  in  figure's  29  to  32.  The 
largest  ice  formations  were  realized  during  flight  50  in  heavy¬ 


icing  conditions.  Figures  31  and  32  are  photographs  taken 
after  landing  of  some  of  the  ice  accumulations  resulting  from 
this  flight.  These  ice  formations  were  much  larger  in  flight. 
The  temperature  of  the  ambient  air  before  landing  in  Min¬ 
neapolis  was  38°  F  and  the  ice  was  melting  and  falling  off 
at  the  time  the  pictures  were  taken.  During  flight,  the  ice 
on  the  cowling  (fig.  32)  had  extended  2  to  3  feet  rearward 
along  the  nacelle  sides  and  the  ice  on  the  nose  of  the  air¬ 
plane  (fig.  31)  had  extended  reaj’ward  over  the  wiridsliields. 
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Ice  accumulations  on  the  right  airspeed  mast  and  loop  antenna  of  the  test 
airplane  after  flight  29.  Photograph  taken  after  landing. 


Figure  31 


after  flight  50.  Rearward  extension  of  the  accretion  had 
fallen  off. 


accumulation  on  pilot’s  free-air  temperature  thermometer  after  flight  29. 
Photograph  taken  after  landing. 


Figure  32.— Ice  accretion  on  the  eft  engine  cowl  after  flight  50. 
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EFFECT  OF  THE  THERMAL  SYSTEM  ON  THE  AIRPLANE 
PERFORMANCE  AND  SAFETY 

The  foregoing  portion  of  this  report  has  discussed  the 
development  and  testing  of  the  thermal  ice-prevention 
system  which  was  undertaken  with  the  principal  objectiv(‘ 
of  obtaining  satisfactory  protection  in  icing  conditions. 
These  tests  revealed  that  satisfactory  protection  was  pro¬ 
vided  by  the  system  and,  therefore,  attention  was  next 
directed  toward  an  inv('stigation  of  any  deleterious  effects 
the  thermal  ice-prevention  systtun  might  have  upon  th(‘ 
airplane  performanc(‘  and  sah*  operation.  Four  separate 
investigations  wen*  conducted  to  evaluate  any  detrimental 
effects;  namely  (1)  im^asurements  of  tlu'  efft'ct  of  the  thermal 
system  on  the  airplaiu'  cruise  performance,  (2)  a  considera¬ 
tion  of  the  effect  of  th('  temperatures  encountered  during 
operation  of  the  thermal  system  on  tlu*  strength  of  the  air¬ 
plane  structure,  (.3)  measurement  of  th(‘  change  in  wing 
structure  stresses  caused  by  op(‘ration  of  tiie  thermal  sys¬ 
tem,  and  (4)  a  metallurgical  examination  of  the  wing  leading- 
edge  structure  for  eflects  of  corrosion  after  225  hours  of 
flight  operation  of  the  thermal  system.  The  results  of  in¬ 
vestigations  (1)  and  (3)  are  presented  in  detail  in  reierences 
12  and  14,  which  will  be  abstracted  in  tin'  following.  Inves¬ 
tigations  (2)  and  (4)  have  not  been  previously  reported, 
and  will  be  presented  briefly  herein. 

EFFECT  OF  THE  THERMAL  SYSTEM  ON  THE  AIRPLANE  CRUISE 
PERFORMANCE 

The  objectives  of  the  first  of  the  four  investigations  were 

(1)  to  determine  the  effect  of  the  system  on  the  airplane 
cruise  performance,  (2)  to  establish,  if  possible,  the  factors 
contributing  to  any  change  in  performance,  and  (3)  to 
evaluate  the  amounts  of  such  contributions.  The  factors 
which  were  selected  for  investigation  as  possible  contrib¬ 
utors  lo  any  change  in  performance  wore:  (1)  the  increase  in 
exhaust-gas  back  pressure  resulting  from  the  heat  exchangers, 

(2)  the  internal  drag  of  the  thermal  ice-prevention  system, 

(3)  the  weight  of  the  thermal  ice-prevention  system,  and 

(4)  the  external  drag  of  the  heat-exchanger  installations. 

Description  of  equipment. — For  these  tests  the  airplane 

and  instrumentation  were  in  the  same  condition  as  previously 
described,  except  as  noted  hereafter.  Three  different  con¬ 
figurations  of  primary  heat-exchanger  installation  were 
tested:  (1)  exchanger  installed,  no  fairings  (fig.  10),  (2) 
exchangers  installed  with  fairings  (fig.  11),  and  (3)  ex¬ 
changers  replaced  by  the  original  exhaust  stack  (fig.  33). 

Tests. — The  efieid  of  the  thermal  ice-])reventi()n  system  on 
the  performance  of  the  airplane  was  nnaisured  in  flight  in 
terms  of  indicat(‘d  airspc(‘d  whih'  maintaining  constant  mani¬ 
fold  ])ressure  on  the  engiius,  and  in  lernis  of  manifold  pressure 
while  maintaining  a  constant  indicat(‘(l  airsjXH'd.  -Vll  t(*sts 
were  conducted  at  10,000  feet  density  altitude,  with  the 
engines  operating  at  1.900  rpm  and  low  blower,  and  at  an 
airplane  gross  weight  of  a])proximat(‘ly  .38. 000  pounds. 

The  tests  were  conducted  under  th(‘  following  four  condi¬ 
tions  : 

1.  Heat  exchangcu’s  in  place.  heat(‘d  aii'  dischargial  ov(‘r- 
board.  engine  manifold  ])]'essur(‘  maintained  constant  at  3(1 
inch(‘s  of  imu’cury 


Fjgube  33.— Standard  production  exhaust  .slack  installation  for  the  lest  airplane. 


2.  Heat  exchangers  in  place,  heated  air  delivenal  to  the 
surface-heating  system,  engine  manifold  pressure  maintained 
constant  at  30  inches  of  moreury 

3.  Heat  exchangers  removed,  standard  production  exhaust 
stacks  installed,  engine  manifold  pressure  maintained  con¬ 
stant  at  30  inches  of  mercury 

4.  Heat  cxchangei’s  removed,  standard  production  exhaust 
stacks  installed,  indicated  aii-speed  maintained  constant  at 
values  previously  establis]n‘d  by  tests  of  condition  1 

These  conditions  provide  the  change  in  performance  caused 
by  the  tliermal  system  in  terms  of  airspeed  (conditions  1,  2, 
and  3)  and  in  terms  of  manifold  pressure  (conditions  1,  2, 
and  4).  The  effect  of  the  heat-exchanger  fairings  (fig.  11) 
upon  the  performance  of  the  airplane  was  established  by 
flights  with  the  fairings  in  place  and  removed,  witli  the  air¬ 
plane  operating  under  conditions  1  and  2. 

For  conditions  4,  three  test  runs  were  made  at  the  same 
engine  speed  as  conditions  1  and  2,  and  at  approximately  the 
same  indicated  airspet'd  and  density  altitude  as  those  condi¬ 
tions.  The  resultant  manifold  pressures  were  28.8,  and  28.5 
inches  of  mercury.  Foi-  conditions  1  and  2  the  manifold 
pressure  was  30  inches  of  mercury. 

Data  during  each  test  were  recorded  manually  at  intervals 
of  approximately  1  minute  for  a  sufficient  length  of  time  after 
equilibrium  conditions  had  been  established  to  assure  attain¬ 
ment  of  representative  results. 

Over-all  performance  change. — Tlie  results  of  tlie  flight 
tests  arc  presented  in  terms  of  airspeed  in  figun*  34.  The 
values  of  ])ressiire  altitude  and  indicated  airsp(H‘d  pn'stmted 
in  tJie  figure  are  tin'  avei-ag(\s  of  tin*  reeonh'd  data  for  (Uicli 
test  condition.  The  variation  of  individual  readings  of  tliese 
variabh'S  from  the  averag(‘  vahu'S  presenit^d  tiid  not  I'xec'ed 
50  feet  and  3  miles  pi‘r  lionr.  j’espt'ctively .  Sinei'  th(‘  I’ela- 
liouship  of  indicat('d  airsjx'ed  to  ])ressure  altiliidt^  for  (“Oiidi- 
tions  1  and  2  was  subsiauiially  idtuitieal.  only  om^  eni’ve  has 
been  drawn  through  lh(‘  experimental  points  for  those  two 
conditions. 

The  curves  of  figure  34  indicia le  that  the  performance 
change  resulting  from  the  installation  of  the  iJiermal  system 
amounted  to  ap])roximat('ly  0  miles  i)(M’  hour  indicated  air- 
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o  Heat- ex  changer  ins  fat  lotions  in  place, 
heated  oir  discharged  (condition  l). 

X  Heat- exchanger  installations  in  place, 

heated  air  delivered  into  Surface _ 

heating  system  (condition  2j. 

+  Heat -exchanger  ins tajjat ions 
removed  (condition  2)  i 
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PlfiURE  34  -Variation  of  iiKlifiiti-d  air.spocd  willi  pressure  altitude  for  the  test  airplane  with 
and  without  the  heat  esclianccr  inslallation.s  in  place.  Flipht  condilion.s:  10,000-fcet 
density  altitude:  30  inches  of  mercury  manifold  pressure  and  l.WKJ  rpni. 


spoMl,  or  1.4  inelios  of  int'irury  manifold  pressure  at  the 
test  conditions.  Sufficient  perfornianee  data  are  available 
for  the  test  airplane  to  interpret  these  performance  changes 
in  terms  of  brake  horsepower.  The  calculations  aie  pre¬ 
sented  in  reference  12  and  indicate  that  the  airspeed  loss 
expressed  in  terms  of  equivalent  horsepower  loss  was  96 
thrust  horsepower,  and  computed  from  the  manifold  pressure 
data  was  88  thrust  horsepower.  The  experimental  data 
used  for  computing  these  two  values  were  taken  independ¬ 
ently  of  each  other,  and  the  methods  provide  reasonable 
agreement.  Therefore,  the  performance  change  in  terms 
of  thrust  horse])ower  caused  by  the  installation  of  the  thermal 
system  may  hi'  considered  as  92  tlu'ust  horsepower,  which  is 
an  average  of  the  values  obtained  by  the  t^^o  methods. 

Power  loss  attributed  to  exhaust  gas  back  Pressure. — An 
estimate  of  the  reduction  of  power  caused  by  the  heat- 
exchanger  exhaust-gas  back  pressure  may  be  made  on  the 
basis  of  general  data  available.  This  estimate  is  piesonted 
in  reference  12  and  shows  that,  for  8,0()0-foot  pressure- 
altitude  test  conditions,  the  effeet  of  heat -exchanger  back 
prc'ssuro  is  u  loss  of  iibout  4  brfilco  bo^s('po\^  ci  poi  engine, 
which  is  equivalent  to  (1.4  thrust  horsepower  for  the  test 
airplaiK'.  Th(‘  values  of  thrust  ho]’se])Ower  reduction  attrib¬ 
uted  to  exhaust-gas  hack  pressure,  as  derived  iu  refc'rencc  12, 
are  not  more  than  0.0  percent  of  th('  total  power  developed 
by  the  engines,  and  would  cause  a  d(H*rease  in  indicated 
airspeed  of  about  one-hall  mile  p(U‘  hour. 

Reduction  of  power  attributed  to  internal  drag  of  the 
thermal  system.— As  indicated  in  figur(‘  ?A,  there  was  no 
measurahle  diflVrenee  between  the  ])erformanee  of  the  air¬ 
plane  when  the  heated  air  was  discharged  (condition  1)  and 
when  the  heated  air  was  delivered  into  the  surface-heating 
system  (condition  2). 

If  it  is  assumed,  in  either  case  of  operation,  that  the  same 
amount  of  air  (*nters  the  heat  exchangers  and  all  the  kinotu 
ener2:y  of  lh(‘  air  is  ex])ended,  a  maximum  valu(‘  of  (thp)itit 
mav  he  caleulati'd.  .From  tht‘  data  ol  table  1,  the  heated-  j 
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air-flow  rate  through  all  the  heal  exchangers  at  the  8,0()0-foot 
pressure-altitude  conditions  may  be  approximated  as  14.000 
pounds  of  air  per  hour.  The  indicated  airspeed,  given  in 
figure  34,  for  this  condition  is  1G3  miles  per  hotir  and  the 
total  kinetic  energy  of  the  14,000  pounds  of  air  pei  hour 
would  amount  to  about  812  thrust  horsepower.  In  any 
actual  case,  the  horsepower  loss  caused  by  internal  drag 
\vould  be  less. 

Additional  airplane  gross  weight  attributed  to  the  thermal 
system.— -The  performance  tests  were  all  conducted  with  the 
airplane  at  approximately  the  same  weight  ami,  thereffire, 
the  test  measurements  did  not  ineliule  data  on  the  eflects 
of  the  additional  weight  contributed  to  the  airplane  by  the 
thermal  system. 

Based  on  weight  studies  made  of  previous  thermal  systems 
similar  to  that  installed  in  the  lest  airplane,  the  weight  added 
to  the  bare  airplane  (i.  c.,  without  any  form  of  iee-prevention 
equipment)  bv  the  installation  of  the  thermal  system  has 
been  approximated  to  be  500  pounds.  The  1 .900-rpm  cruise 
charts  for  the  airplane  indicate  that  at  8,000  feet  pressure 
altitude,  ami  a  constant  manifold  pressure  of  30.2  inches  ol 
mercuiy,  a  change  in  airplane  gross  weight  from  35.000  to 
40,000  pounds  (an  increase  in  weight  equal  to  10  times  the 
estimated  weight  of  the  thermal  system)  produces  a  cor¬ 
responding  change  in  indicated  airspeed  of  2  miles  per  hour. 
Thus,  the  installation  weight  evidently  has  a  negligible  effect 
on  the  performance  of  the  airplane  at  the  test  conditions. 
Further  calculations,  presented  in  reference  12,  show  that 
the  additional  fuel  weight  which  must  he  carried  by  the  air¬ 
plane  at  the  test  conditions  to  overcome  the  eflects  of  the 
heat-exchanger  installations  would  ho  in  the  order  of  45 
pounds  of  fuel  per  hour. 

Reduction  of  power  attributed  to  the  external  drag  of  the 
thermal  system.— It  has  been  established  that  the  exhaust- 
gas  back  pressure,  the  internal-drag  effects,  and  the  weight  of 
the  thermal  system  contribute  only  slightly  to  the  total  per¬ 
formance  difference  measured.  These  effects  are  estimated 
to  total  less  .than  15  thrust  horsepower.  The  remainder, 
approximately  77  thrust  horsepowci',  is  attributed  to  the 
external  drag  of  the  heat-exchanger  installations.  It  is 
evident  from  figure  10  that  the  external  drag  would  he  larp. 

Considerable  external  drag,  however,  is  not  necessarily 
inherent  to  heat -exchanger  installations.  If  the  heat  ex¬ 
changers  were  located  within  the  nacelles  and  the  air  inlet 
scoops  in  the  stagnation  region  of  the  cowling,  the  external 
drair  could  he  reduced  eonsidi'rably.  The  iiislallatiou  on  the 
lesr airplane  was  installed  for  the  purpose  of  investigating 
the  surface-heating  system,  and  tlie  available  time  was  not 
sufficient  to  permit  complicated  nacelle  altei  ations  to  he  made 
for  submerging  the  exchangers  within  the  iiaeelles. 

EFFFXT  OF  TEMl>EIt.4TlIRES  ENCOUNTEKEI)  ON  THE  STUKNOTII  OF  THE 
AIRPEANE  STRUCTURE 


The  major  effects  on  the  strength  of  an  aluiniimmi  alloy 
structure  resulting  from  exiiosure  to  eli'vaied  temperatures 
are  (1 1  roduetion  of  the  yield  and  ultimate  strength  wliile  at 
elevated  temperatures,  (2)  creep  -  of  tlie  strueture  wliile  at 


:  C’roep  is  dupontlonl  on  tlio  strnrluro 
subject ocl  to  itie  ternpt'ruuire,  and  the  sire: 


tt*inp('nittire,  the  linn'  interva  that  a  ineniboi 
ss  iin])osed  on  the  iiienibor  dnriiiL'  the  time  interval. 
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high  Icinpcraturos  oven  Avhen  the  stress  is  below  the  yield 
point,  and  (3)  artificial  aging  ^  of  the  structure. 

Instrumentation  and  tests. — The  instrumentation  of  the* 
ice-prevention  system  which  was  provided  for  the  thermal 
performance  tests  included  a  few  thermocouples  in  the  left 
^niig  at  locations  where  high  structural  temperatures  were 
anticipated.  These  thermocouples  were  located  at  two 
stations  on  the  nose  ribs,  on  the  web  of  tlie  30-percent-chord 
spar,  and  on  the  stringer  immediately  aft  of  the  corrugated 
inner  skin  on  the  upper  surface.  Subsequent  to  the  per¬ 
formance  tests,  additional  thermocouples  were  placed  in  the 
left  wing  on  the  nose  ribs,  baffle  plate,  nose  rib  liner,  cor¬ 
rugated  inner  skin,  30-percent -chord  spar  cap  and  web,  and 
several  spanwise  stringers.  Temperature  data  to  augment 
that  already  obtained  in  the  performance  tests  were  obtained 
during  ground  warm-up,  take-off,  and  during  flight  in  clear 
air  at  approximately  5,000,  10,000,  and  15,000  feet  pressure 
altitude,  with  the  airplane  flown  at  various  normal  operating 
conditions.  Variations  in  the  rate  of  heated-air  flow  to  the 
\ving  were  obtained  by  manipulation  of  th(^  valve  after  the 
heat  exchanger.  The  heated-air  temperature  was  varied 
by  control  of  the  power  of  the  left  engine  and  adjusting  the 
power  of  the  right  engine  to  provide  the  airspeed  desired. 

Results  and  discussion. — The  maximum  temperatures 
recorded  during  the  performance  tests  of  the  thermal  system 
were:  nose  ribs,  294®  F,  and  stringer  and  spar  web,  134®  F, 
In  the  later,  more  extensive  tests,  the  maximum  structure 
temperature  rises  (above  ambient-air  temperature)  were: 
nose  rib  liner,  393®  F;  baffle  plate,  35C®  F;  nose  rib,  335®  F; 
inner  skin,  317®  F;  and  outer  skin,  235®  F.  These  tempera¬ 
tures  were  recorded  during  a  climb  at  15,000  feet. 

By  assuming  that  operation  of  the  thermal  system  could 
be  limited  to  a  maximum  free-air  temperature  of  32®  F,  the 
actual  temperatures  of  the  structural  components  just  listed 
would  be  425®  F,  388®  F,  367®  F,  349®  F,  and  267®  F,  respec¬ 
tively.  An  indication  of  the  effect  of  temperatures  of  this 
magnitude  on  the  yield  and  ultimate  strength  of  24S-T 
Alclad  is  obtainable  from  reference  20.  In  this  reference,  the 
strength  reduction  is  shown  to  be  a  function  of  both  maximum 
temperature  and  tinu'.  For  a  duration  of  15  minutes  at 
the  temperatures  previously  listed,  the  reduction  of  yield 
and  ultimate  strength  in  percent  of  the  values  at  75®  F  for 
the  wing  components  would  be:  nose  rib  liner,  16  percent 
(yield)  and  29  percent  (ultimate);  baffle  plate,  15  and  22 
percent;  nose  rib,  ^14  and  IS  percent;  inner  skin,  13  and  16 
percent;  and  outer  skin,  (>  and  10  percent.  For  times 
longer  than  15  minutes  up  to  at  least  10  hours,  the  yield 
strength  remains  constant  or  increases  and  the  ultimate 
strength  remains  constant  or  decreases,  depending  on  the 
temperature  considered  (reference  20). 

It  should  be  pointed  out  that  the  airplane  tested  had  no 
provisions  for  automatically  controllitig  the  heat  flow  to  the  | 
wing.  Consequently,  at  low-specul  high-power  conditions 
such  as  the  test  (dimb  at  15,000  feet,  the  heated-air  tempera¬ 
tures  which  prevaih'd  (an  average^  air-t(‘mperature  rise  of 
424°  F  at  station  37)  wer(‘  considerably  in  excess  of  tlios(' 


J  Ariificiul  upinp  may  produce  a  chaimc  in  piiysical  i)ropcrlics  which  will  remain  after  the 
structure  cools,  and  the  e.xtcni  of  auim:  is  dependent  on  the  tcnitu'raturcs  reached  and  the 
lenpth  of  time  that  the  inemher  is  suhj<*eled  to  these  lemi)eratures. 


that  provided  satisfactory  ice  prevention  during  tests  of  the 
tliermal  system  in  natural-icing  conditions.  If  the  maximum 
heated-air  temperature  in  the  wing  wen*  regulated  to  that 
required  for  ice  prevention  under  any  normal  flight  conditions 
of  the  airplane,  the  structure  temperatures  would  bo  consid¬ 
erably  lower.  Ileference  11  indicates  that  the  maximum 
actual  temperature  of  the  heated  air  leaving  the  heat  ex¬ 
changers  for  the  wings  was  approximately  340®  F  during 
the  tests  in  natural-icing  conditions.  The  maximum  tem¬ 
perature  in  the  wing  duct  would  be  below  this  value.  If  the 
heated-air  temperature  in  the  wing  duct  did  not  exceed  a 
maximum  of  320®  F  in  a  32°  F  alniosj)h('re,  the  maximum 
structure  temperature  rises  that  would  prevail  would  be 
approximately:  nose  rib  liner,  266®  F;  baflle  plate,  240°  F; 
nose  rib,  225°  F;  inner  skin,  212®  F;  and  outer  skin,  155®  F. 
These  values  were  approximated  from  the  relationship  of 
heated-air  temperature  to  structure  temperature  as  established 
by  these  tests.  They  can  be  accepted  as  valid  for  any 
flight  condition  within  the  test  range  wherein  the  air  tempera¬ 
ture  in  the  wing  duct  is  320®  F  in  a  32°  F  atmosphere.  If 
the  structure  were  subjected  to  these  temperature  rises  for 
15  minutes  in  a  32®  F  atmosphere,  the  reduction  in  the  yield 
strength  in  percent  of  the  value  at  75®  F  would  be  approxi¬ 
mately  3  percent  for  the  outer  skin  and  4  to  9  percent  for  the 
baffle  plate,  nose  rib  liner,  nose  rib,  and  inner  skin  (reference 
20).  The  corresponding  ultimate  strength  reductions  would 
be  approximately  6  percent  and  9  to  1 1  percent,  respectively 
Tlie  effects  of  creep  and  artificial  aging  of  Alclad  24S~T 
aluminum  alloy  arc  discussed  in  references  21  and  22, 
respectively.  The  data  of  references  21  and  22  indicate  that 
the  effects  of  croc])  and  artificial  aging  arc  negligible  for 
Alclad  24S-T  aluminum  alloy  at  temperatures  below  300°  F. 
At  temperatures  above  this  value,  tiie  design  of  stressed 
members  may  require  the  consideration  of  those  factors. 
Data  presented  later  in  this  report  show  that  artificial  aging 
was  present  in  the  section  of  the  wing  of  the  tost  airplane 
where  the  heated  air  impinged  upon  the  baffle  plate  on 
entering  the  wing. 

CHANGE  IN  WING  STRESSES  RESULTING  FROM  OPERATION  OF  THE 
THERMAL  SYSTEM 

A  consideration  of  the  thermal  stresses  which  might  bo 
generated  in  the  wing  as  the  result  of  uneven  temperature 
distribution  suggested  two  possible  effects:  (1)  Increases  in 
stress  in  the  lioated  leading  edge  l)et‘ausc  of  restrained 
thermal  expansion,  and  (2)  increases  in  stresses  in  the  re¬ 
mainder  of  the  wing,  which  is  relatively  imhcated,  caused  by 
expansion  of  the  leading-edge  region.  A  flight  investigation, 
was  undertaken,  therefore,  to  establish  tl)('  location,  nature, 
and  magnitud(‘  of  the  stress  chaugt'siucurrcd  in  tlu'wingof  tlu‘ 
tost  airplaiK'  ]*csulting  from  operation  of  tlu'  thermal  system. 
This  invest iga I ioTi  is  presented  in  detail  in  ludeinaiee  14. 

Description  of  equipment. — TJie  details  of  (‘onstrnction  of 
the  left  wing  outer  panel  of  the  lest  airplane,  in  which  lln^ 
stress  ineasun'inents  W('r(‘  obtaiiu'd.  aiv  shown  in  figures  12 
and  35.  Tlie  wing  is  of  all  metal  stressiul  skin  eonstru(‘tiou 
with  spars  at  30  and  70  ])ereeiit  of  the  chord.  Th(‘  skin  is 
reinforced  with  spanwise  liat  s(‘etions  and  ('xtriided  stringers. 

Tile  changes  in  stress  w('r(‘  measured  with  standard  com¬ 
mercial  wire  ]*esistanee-tyi)e  strain  gages.  In  determining 


the  location  of  the  gages,  consideration  was  given  to  the 
stress  reports  for  the  unlieated  wing  and  the  measured 
temperature  distribution  in  the  wing  as  presented  in  refer¬ 
ences  1 1  and  13.  The  stress  reports  showed  that  the  margins 
of  safety  were  appreciably  lower  at  the  wing  root  than  near 
the  tip;  while  tlje  temperature  data  indicated  that,  in 
general,  the  spanwise  distribution  of  temperature  rise  for  a 
given  chord  location  was  approximately  constant.  The  as¬ 
sumption  was  made  that,  for  a  given  chord  location,  the 
stress  change  along  the  span  would  be  substantially  constant 
with  the  application  of  heat,  and,  therefore,  the  gages  were 
located  at  two  stations  relatively  near  the  root  (47  and  137 
in.  from  station  0). 

The  individual  locations  of  the  strain  gages  and  thermo¬ 
couples  are  shown  in  figui-es  36  and  37.  Two  general  types 
of  gages  were'  eni])loyed;  namely,  plain  (singh'-element) 
gages  on  siriu'tural  members  sucii  as  hat  s('(‘tions  and  spar 
caps  where  th(‘  direction  of  stress  was  knovii,  and  rosette 
(tri})l('-elemcnt )  gag(‘s  on  the  wing  skin  wlu*re  th('  dirc'ction, 
as  well  as  lh(‘  magnitiuh'.  of  the  maximum  stress  had  to  b(‘ 
established.’  The  discontinuities  in  tlie  strain-gage  number¬ 
ing  system  arc‘  tlu‘  ri'sult  of  omitting  from  figures  36  and  37 
those  gagi's  whicli  failed. 

The  plain  gairt's  wcae  installed  with  tlu'ir  strain-sensitivi' 
axes  parallel  to  tlie  longitudinal  axt's  of  the  structural 
members.  The  rost'tte  gagi's  were  oihuiti'd  as  shown  in 
figure  3<S,  which  also  gives  th(‘  d(‘signation  for  th(‘  thrci' 
strain  elements.  .\ft  of  tlu‘  doubh'-skin  region,  the  rosetl(' 
gaires  were  mount i‘(l  m  pairs,  ba(‘k  to  back,  and  connected 
in  s(‘ri(‘s  in  orih'r  to  eliininat(‘  strain  indications  (‘a used  by 
])ossible  kxail  skin  budding.  This  pro(*edure  was  not  feasible 


in  the  double-skin  region  but  was  considered  unne(‘essary 
because  of  the  stabilizing  eflect  of  the  inner  (Wi  ugations. 
The  strain  gages  were  connected  to  a  recording  oscillograph 
which  provided  a  continuous  record  of  any  12  gages  at 
one  time. 

Surface-type  iron-constantan  tliermocouples.  rolled  to  a 
thickness  of  0.002  inch,  were  cemented  to  the  aluminum 
surface  with  the  junctions  within  one-quarter  of  an  inch  of 
the  strain-gage  elements.  The  thermocouples  are  designated 
by  the  same  number  as  the  corresponding  strain  gagi'  and 
are  prefixed  with  the  letter  T.  (See  figs.  36  and  37.)  A 
thermocouple  designation  shown  in  figur(‘S  36  and  37  vhich 
is  not  accompanied  by  a  corresponding  gage  number  indi¬ 
cates  the  gage  failed. 

Standard  TsA\CA  instruments  were  installed  to  record 
airspeed  and  normal  a(‘celeration.  An  JS'.VCA  timer  was 
used  to  synchronize  tlie  airspeed,  accelerometer,  and  oscillo- 
gi'aph  records.  The  accelerometer  was  instalh'd  on  the  floor 
of  tlu‘  airplane  at  the  center  of  gi‘avity  and  oriented  to 
record  accelerations  normal  to  the  wing  chord  at  station  0. 
The  airspeed  recorder  was  conm'cted  to  the  service  airspei'd- 
head  installation  and  the  error  in  slat ic-i)iTssure  irading  was 
(h'terniined  in  flight  for  all  the*  ti'st  conditions  vilh  a  Hailing 
static  pressuri'  liead. 

Stress  measurement  technique.- -When  eniploying  strain 
gaires  to  ineasur(‘  str(‘ss  changt's  in  a  structural  nu'inlxa  vhicli 
is  subjected  to  a  tempt'ratun',  as  W(‘ll  as  a  strt‘ss  \’ariation, 
a  question  arises  concerning  tlu'  diffen'iitiat ion  biMween 
niovi'inent  diu'  to  sti‘(‘ss  and  that  due  to  tiu'rinal  ex])ansiou. 
Superim])osi‘d  on  this  complicatioti  is  th(‘  unknown  eflect 
of  elevateil  leinperat tin's  on  the  rt'sistance  of  llu'  strain- 
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Detail  a 
45°  rosette  on 
upper  surface  of  wing 
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Detail  d 
45°  rosette  on 
lower  surface  of  wing 


Figurk  38.— Orientation  of  rosottc  Rages  on  the  left-wing  panel  of  the  test  airplane. 


ga'xt'  material.  Oiio  installation  method  commonly  used  to 
overeome  these  problems  consists  of  locating  a  dummy 
strain  gage  beside  the  active  gage  but  cemented  to  a  small 
piece  of  the  structure  metal  which  is  free  to  expand.  The 
compensation  is  based  on  the  assumption  that  the  piece  of 
metal  to  which  the  dummy  gage  is  attached  will  assume 
the  same  temperature  as  the  surface  upon  which  the  active 
gage  is  installed.  This  method  was  considered  unreliable 
in  the  case  of  the  wing  of  the  test  airplane. 

Laboratory  calibrations  were  made  to  investigate  the 
sti‘esS“Strain  curves  which  would  result  if  tli(‘  dummy  gage 
were  maintained  at  a  constant  temperature  while  the  alumi¬ 
num  calibration  specimen  and  the  active  gage  wer(‘  subjected 
to  various  stresses  at  diflerent  temperatures.  The  results 
of  tliis  calil)ration  for  a  typical  strain  gage  used  in  the  investi¬ 
gation  are  presented  in  figure  ih).  The  important  fa(“t  to 
not(‘  in  figure  39  is  that  tlu'  calil)ration  curves  form  a  series 
of  parallel  straight  lines.  This  means  that  the  sensitivity 
factor  of  the  gage  (ratio  of  unit  change  in  resistanci'  to  unit 
strain  causing  this  <’liaiige)  is  independent  of  the  initial  stress 
and  lemperature  throughout  tlu‘  calibration  range. 

Tlie  inetliod  of  applying  the  calibration  curve's  of  fi^uire  39 
to  tlie  determination  of  stress  changes  in  the'  heali'd  wing  was 
as  follows:  Assume  that  point  a  of  figure*  39  re])rese*nts  the* 
stress  and  temperature*  eonelitions  at  a  gage*  in  the  wing 
he‘fore  the*  wing  heat  was  applieel.  The*  lein]:e'rature‘  ol  point 
a  was  knowni  luit  the*  stre*ss  was  not:  however,  since*  only 
stress  change's  we*re*  to  he*  evaluated,  the*  slraiu-re*e‘oreling 
e'C|ui])nu*nt  was  adjuste'd  to  zero  reading  (or  halanceel).  The* 
heal  was  tlien  dire'cteel  to  tlie  wing  anel  the*  (*hange*s  in  tempe'i- 
ature  and  st]*ain-gage*  reaeling  we*re*  re'corde'e!.  If  the*  le*inpe*r- 


ature  change  had  been  30®  F  and  the  strain-gage*  reading 
agreeel  with  point  h,  pure  expansion  and  tio  change*  in  stress 
would  he  indicateel.  If  the  strain-gage  reading  <‘orr(*sponded 
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to  f)oini  c,  liowevor.  a  chaDgo  in  slrass  equal  to  the  distauec 
between  points  e  and  d  (or  an  in.erease  in  tension)  was  indi~ 
ealed.  It  is  evident  tliat  the  same  i*esult  would  b(‘  obtained 
for  any  other  initial  point  of  e  instead  of  a,  since  tlu'  curve 
slopes  were  all  equal.  Hence  the  absolute  valu{‘  of  the  stress 
at  the  time  of  balancing  the  strain  equipment  liad  no  bearing 
on  the  result. 

Flight  test  procedure. — All  the  flight  tests  were  made  at 
a  pressure  altitude  of  10,000  feet  and  a  take-ofi’  gross  weight 
of  45,700  pounds.  Data  were  obtained  at  two  airspeeds 
(110  and  135  mph,  indicated)  in  level  flight  and  at  155  to 
105  miles  per  hour  in  a  2g  bank  at  constant  altitude.  Tlie 
airspeed  in  the  2(j  bank  was  calculated  to  give  the  sanu*  lift 
coefficieiit  as  that  existing  in  the  level-flight  condition  at 
110  miles  per  hour  in  oi'der  that  the  two  wing-loading  con¬ 
ditions  would  be  directly  comparable  with  respect  to  chord- 
wise  pressure  distribution. 

The  detailed  flight  test  procedure  was  rather  involved  and 
is  presented  in  reference  14.  Stat(‘d  briefly,  temperature 
and  strain  data  were  recorded  for  12  gages  with  the  tliermal 


system  inoperative,  and  then  repeat(Hl  about  4  minutes 
after  tlu*  thermal  system  had  been  started. 

Results. — The  maximum  and  minimum  changes  in  normal 
stress,  th(‘  maximum  change  in  shear,  and  the  direction  of 
action  of  these  stress  changes  were  computed  from  the 
rosette-gage  data  and  are  presented  in  table  \l.  The  t(‘rms 
“maximum  normal’*  and  “'minimum  normal”  are  used  here 
in  their  algebraic  sense.  The  Poisson  ratio  corned  ion  has 
been  applied,  and  the  data  presented  in  ta[)l(‘  VI  represent 
actual  stress  changes.  The  angle  6  in  th(‘  table*  gives  the 
direction  of  the  line  of  action  of  the  maximum  change  in 
normal  stress  and  is  measured  from  the  wing  chord  with  the 
positive  direction  as  siiown  in  figure  38.  The*  line*  of  action 
of  the  minimum  change  in  normal  stress  is  at  right  angles  to 
that  of  the  maximum  normal  stress,  and  tiie  maximum 
change*  in  shear  is  at  an  angle  of  45°  to  eitlu'r  of  these  axes. 
The*  rosette-gage  stre*sses  were  also  ivsolveel  in  the*  spanwise^ 
and  chord  wise  dire*ctions,  and  the'se  data  are*  ])re‘se‘nted  in 
table  VH.  The  chordwise*  variation  of  temperature*  and 
stiTSS  change  at  the  two  test  stations  for  the*  thre*e*  flight 
conditions  are  presente'el  in  figure  40. 


TABLE  VI.— MAXIMUM  AXD  MINIMUM  CHANGES  IN  NORMAL  STRESS  AND  MAXIMUM  CHANGE  IN  SHEAlt  STRESS  AT 
ROSETTE-STRAIN-GAGE  LOCATIONS  IN  WING  OUTER  PANEL  OF  THE  TEST  AIRPLAXE  RESULTING  FROM  OPERATION 
OF  THE  THERMAL  ICE-PREVENTION  SYSTEM 
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155  to  165 mph  correct  I.  A.  S.  2o  bank.. 

+8,  m) 

-i-y.  .Vrf) 
+0,010 

+0.1.'in 
+5. 340 
+5.  400 

1.420 

2.110 

1.700 

+20»; 

+21)4 

+  15 

+3.410 
+3. 2(H) 
+3.200 

-3. 660 
-3, 260 
-3. 900 

3.540  1  -1»4 
3.2:«)  1  -2H 
3,  5W)  I 

+.5.  480 
+4.610 
+5. 040 

-4.210 
-4.  430 
-6.010 

+++ 

+  1,  750  ■  -3.  KM) 
+4.481)  •  -3,750 
+3.  6(H)  i  -4.020 

3. 930 
4. 120 

3.  810 

-3ti 
+  1 

Hiph-teuiperature  delta  rosettes  at  station  1.37 

_  Gape 

Flipht  condition  ' 

R036 

Ra37 

R038 

RG.30 

Maxi¬ 

mum 

normal 

Mini-  i  Maxi¬ 
mum  1  mum 
normal  i  shear 

(dep ) 

Maxi-  1  Mini¬ 
mum  I  mum 
normal  j  normal 

Ma.xi-  1  p  1 

i  (dep) 
shear  ! 

i  .  ... 

Maxi¬ 

mum 

normal 

. 

Mini¬ 

mum 

normal 

Maxi-  ;  p  I 

1  fdee) 
shear  | 

Maxi-  i  Mini¬ 
mum  !  mum 
normal  !  normal 

Maxi¬ 

mum 

shear 

e  1 

(deg)  ' 

110  mph  correct  I.  A.  S.  level  flipht 1 . [ . .! . 

135  mph  correct  1.  A.  S.  level  flipht !  +4.  .VKi  *  +520  :  1.000 

155  to  lti5  mph  correct  1.  S.  2<7  bank.. .  i  4-4,  570  j  +1.  740  :  3.  lf)0 

-33 

-34h' 

+5.4(M)  '  -3.570 
+  5. 3(H)  !  -2.210 
+  7.HK0  i  -1.650 
! 

4.  4S0  1  -1 
3,750  ;  -1.4 

4.  760  :  - >  J 

+3.  250 
+3.  (HH) 
+3.  200 

-6.  0.50 
-6.  170 
-7,  9(H) 

jp,,  :  +3.  2M1  -5,210 

4  !  -i-23V  ■  +2.2011  -4.810 

5.  540  i  +3  +T(H)  ,  -3.  340 

4.2.50  -() 

3.  .5t()  +^4 

2.020  +3-4 

Eow-teiTjpeniture  4.'>^  rosettes  at  stations  47  and  137 


Gape 

KG4 

Ra32 

K041 

KG  60 

Fliphl  condition 

Maxi- 
!  mum 
:  normal  1 

Mini-  j 
mum  1 
normal  [ 

Maxi¬ 

mum 

shear 

a ; 

(dep) 

Maxi-  i  Mini¬ 
mum  i  mum 
normal  i  normal 

M  axi- 
mum 
.shear 

0  ' 

(dep) 

Maxi¬ 

mum 

1  normal  ; 

Mini-  I 

rnum  1 
normal  ( 

Maxi- 

nuim 

shear 

fl  1 

i  (dep) 

Maxi¬ 

mum 

1  normal 

Mini-  1 
mum  ! 
normal  1 

Ma.vi-  '  fl, 

rir 

110  mph  correct  I.  A.  level  flipht - 

135  mph  correct  1.  A.  S.  level  flipht..  .. 

1 

^  +1.870  i 
+  1,,5.50  ] 

+  .580  ' 
+  53(1  : 

640 
510  j 

+6,5 
+  .5'.l 

+310  -.580 

+4(K)  1  -430  . 

!  ; 

440 
420  ! 

+4 

+2.  no  ' 

+2.(K)0 

+  !HI 
-,"H)  1 

l.OlO 

1.020 

-93 1  . 

-97I4 

+<HM1 

+910 

-.330  ' 

+  210 

620  ■  -17 
370  -1.5 

>  For  designation  ol  positive  d  see  iiii.  :!s. 

-f  Denotes  tension  stre.^^s.  pounds  per  square  inch. 

—  Denotes  compression  stress.  i)ounds  per  stiuare  inc)i. 
Data  corrected  for  I'oisson  ratio  elTect. 
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Flifihl  condition 


Gape 


lliph-teniperaturc  delta  rosettes  at  station  47 
;  KGi> 


Kti.' 


RG7 


RO^ 


Span 

wise 


C’hord- 

wise 


Spun- 

wise 


Chord 

wise 


1  _ _ 

i  IKIiiiph  forrocl  1.  A.  Icvi'l  flicht - i  |  i  -3.261)  ■*'5' 1^1 

I  +:<vio  j  +a:.'.,.  |  -3.820  |  +3,2.^ 


Span- 

wise 


-4. 180 
-4.  400 
-5.  900 


Chord- 

wise 


-f  5,  4T0 
-f4.  m 
-f  4.  yi«) 


Span-  j  Chord-  ] 
wise  j  ! 


-3.  UXI  i  +4.7W» 
-3,720  ^ 

+3,r>oo  : 


Hi"h'icmperauirc  delta  rosetls  at  station  Id/ 


RG38  1 

KG 

39 

Span-  i  (ainnl-  1  Spun-  |  1 

Klichi  fondiuon  |  wisp  ,  ] 

Span- 

wise 

Chord- 

wise 

Span- 

wise 

('honi- 
w  ise 

-  .1  ;  i  -3,  .')70  -f.'i.4lVl  j 

111)  ni!»Ji  . ■ - jli-lVt  ''  '4-3*311**  i  —2,21(1  4.'!, 300  j 

SS  ,  S-  i  -.•»  i  *’■-  ! 

-n.910 
-f>.170 
-7. 880 

4-3,  230 

4-2,  9iK) 

4-3.  180 

-5.040 

-4.810 

-3.340 

4-3. 180 
4-2. 200 
4-700 

j -  Lnw-toniiMTaturo  rosflles  nt  suilions  4/  anti  13. 

I;'-”  j  H(J4 

RG32 

R041 

... 

ROW) 

..  .  ’  span-  ('hnnl- 

;  Klii’lii  tDiulitum 

Span-  Chord 

w  isf 

■ 

Span- 
1  wise 

Chord - 
wise 

Span- 

wise 

1  Chord- 
i  \\  ise 

1 

4-2, 080 
+1.900 

4-120 

-30 

-2:in 

+200 

1 

1 

j  4-790 

4-81H) 

,  no  tnpli  j- . 1  i!’2K(!  i  +810 

13*1  nin.i  c^iTPCt  I-  A.  b.  IcNcl  nicht - 1  +  j 

-570  +310 

-420  1  +390 

4-  denotes  tension  stress,  pounds  per  square  i^ch. 

-  denotes  compression  stress,  pounds  per  S(|uart  inch. 

Data  corrected  for  Poisson  ratio  clTect. 

Discussion.— Tlu>  anticipated  efl'ect  of  lieating  the  wing 
leadiiK'  ed<>-('  on  the  cliordwiso  wing  stress  distnlnition  was 
(1)  an'inercase  in  compression  for  the  doul.le-sk.n  region  as 
a  result  of  resistance  to  thermal  expansion,  (2)  nn 
tension  in  the  region  between  the  doub  e  skin  and  the  30- 
percent  spar  caused  by  the  expanded  leading  edge  pulling  on 
the,  relatively  cool  afterbody,  and  (3)  an  increase  in  com¬ 
pression  at  the  7()-percent  spar  caused  by  the  two  sjiars  and 
!l„.  ,vi„s  .tin  ....ing  «  a  boN  bcm  .o  tl...  momcr, 

iinposcii  I.V  tl..'  .■si>.in<liiig  IraJmg  c<lg<'.  This  goima  liaiii 
is  evident  in  all  Hh'  eurves  showing  the  ehordwist^  disti  iliiition 
of  stress  .-hange.  (See  fig.  40.)  Thes<>  curves  ^ 

the  values  of  st  l  ess  change  normal  to  the  chord .  I  he 
wise  temperature  distribution  has  been  added  to  the  stress- 
distribution  eurves  in  order  to  facilitate  the  interpreta  ion 
and  explanation  of  the  test  data. 

A  comparison  of  the  stress  ehanges  lor  the  three  fhgh 
eoiulitions  is  presented  in  figures  40  (g)  and  40  (h).  At  hough 
the  inereasial  heat  supplied  to  the  wing  ...  the  2/,  hank  is 
evidenced  l)v  increased  compression  al  the  leading  e(lg(>  and 
some  deviation  of  tl.e  2//  curve  from  the  level-llight  eurves  at 
other  chord  positions,  the  over-all  agreement  het\w'en  the 
stresses  for  the  three  conditions  is  cohsidenHl  sullieient  to 
allow  them  to  l)e  disetissed  as  one  general  trend.  _ 

Th('  pxppctfMl  (‘OinpiTssion  at  tlu'  loading  odg(‘  and  / 
percent  spar  is  evident  in  figure  40.  From  10-  to  3()-l)ereenl 
chord,  however,  eonsi.lerahle  variation  in  the  data  is  noted. 
This  aiiiiarent  diserepnney  at  first  appears  to  reinte  the  antici¬ 
pated  general  trend,  hut  on  further  examination  is  seen  (o  Do 
the  result  of  local  conditions  superimposed  upon  the  over-all 
pattern  An  exani|)le  of  this  effect  is  shown  l.y  the  data 


presented  for  gages  41,  51,  and  52  in  figure  40 
expansion  of  the  leading  edge  would  he  expected  U.  in.ll  on 
the  hat  section  containing  gage  51  and  exert  tension  similai 
to  cage  36  on  the  lower  surface.  Apparently,  however,  the 
heated  air  discharging  from  the  double  skin  heat e(  le  la 

section  considerably  (note  temperature  distribution)  and  tin, 
restrained  expansion  induced  compressive  stresses  winch  nere 
lar-er  than  the  induced  tension.  The  expansion  forces  of 
the  hat  section,  in  turn,  placed  the  colder  skni  in  tension  ns 
sicTiiified  by  the  indication  of  gage  41.  At  tlu'  location  of 
.mec  52  the  stress  has  again  reversed,  the  actual  xaluc  at 
gage  52  being  the  result  of  the  combined  elh-ets  of  s<-Aoial 

factors  of  unknown  magnitude. 

Because  local  conditions  in  some  cases  caused  laige  st  css 
differences  at  a  given  chord  location  (the  actual  .lev.at.on 
depetiding  upon  whether  the  strain  gage  was  mounted  on 
the  skin  m-  on  a  longittulinal  stiffener),  the  stress  P'- 

sented  for  station  137  represent  some  mean  '‘'‘'“'j'  ,  ,  ^ 

for  th.‘  region  from  10-  to  30-l.ereenl  chord.  Althougl.  tlu 
.  same  kuail  heating  existed  at  station  47  (note 
1  disti iimtion  for  tipper  surface,  ligures  40  a  .  40 
i  40  (.■)),  th.'  scatter  of  data  was  not  ohlained  heeause  all  t  < 

'  <.aees  in  the  local  heating  region  were  mounted  on  llu'  still- 
i  eners.  Tlu>  stress  curve  for  the  upper  surlaee  is  tlu.reli.ie, 
i  more  reiiresentative  of  stress  in  the  stiHeners  than  in  «< 

'  "’'"tIic  belief  that  the  scatter  of  data  between  10-  'j"'' 
percent  chord  is  largidy  atlrihiitahle  to  localized  heiHin 
rather  than  inaceurate  measurements  . 

inspection  of  figures  40  (g)  and  40  [h).  ^  ^  ^  Vi '  n- 

..oilsisleiny  of  a.c.  .1.1...  .1."  ll'S'" 


honge^  TGrnpf^nature  cho> 


Temperature  change^  *F  Temperature  change, 
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for  tlu'  regions  wliere  temperature  gradients  between  the 
internal  structiin*  and  skin  were  negligibh^.  Further  ex¬ 
amples  of  this  local  heating  efl ect  between  10-  and  30-percent 
chord  could  be  cited;  however,  the  purpose  of  this  report 
is  to  determine,  in  general,  the  magnitude  and  importance* 
of  the  stress  changes  rather  than  to  present  a  detailed  investi¬ 
gation  of  the  wing  of  the  test  airplane. 

In  order  to  obtain  some  indication  of  the  seriousness  of 
tlie  stress  changes,  the  test  data  were  compared  with  the 
critical  values  as  specified  in  the  wing  outer-panel  stress 
analysis  as  prepared  the  airplane  inanufacture»’.  The 
largest  changes  in  stress  were  measured  at  the  wing  leading 
edge,  but  are  particularly  difficult  to  interpret  because  of 
the  lack  of  data  on  the  allowable  h*ading-cdge  stresses. 
Some  test  data  are  available  whidi  can  be  reasonably  applied 
to  the  wing  leading-edge  construction,  prior  to  revisions  to 
incorporate  the  thermal  system,  but  information  on  the 
double-skin  type  of  construction  did  not  appear  to  be  avail¬ 
able.  In  order  to  obtain  some  indication  of  tlie  seriousness 
of  the  measured  leading-edge  stress  changes,  the  stresses 
from  the  wing  design  analysis  were  combined  with  the 
thermal  stresses  and  the  final  result  compared  with  a  cal¬ 
culated  allowable  value  for  combined  loading  of  the  un¬ 
altered  leading  edge.  This  analysis  is  presented  in  refer¬ 
ence  14  and  indicated  that  the  thermal  system  did  not  pro¬ 
duce  a  critical  stress  condition  for  the  test  airplane.  Because 
of  the  specific  nature  of  the  problem,  and  also  the  lack  of 
information  on  the  treatment  of  combined  stresses  from 
aerodynamic  loads  and  thermal  expansion  in  sheet  metal 
structures,  no  conclusion  can  be  made  regarding  the  prob¬ 
ability  of  thermal  stresses  of  serious  magnitude  occurring 
in  other  airplanes. 


METALLURGICAL  EXAMINATION  OF  THE  WING  LEADING-EDGE 
STRUCTURE  FOR  EFFECTS  OF  CORROSION 

The  ])ossibIlity  of  corrosion  is  always  present  in  airci-aft 
struct ur(*s  and  this  jiossibility  assumes  greater  importance 
when  the  corrosion  resistance  of  the  structure  may  have  been 
reduced  by  over-heating.  The  probability  of  corrosion  is 
increased  in  the  case  of  a  wing  incorporating  a  thermal  ic(‘- 
prevention  system  with  free-stream  air  as  the  heat -transfer 
medium  because  of  the  corrosive  media  which  may  be  inducted 
into  the  wing  interior.  In  such  a  system  tlu'  fi(‘e-stream 
air,  containing  sujiercooh'd  watei'drojis  and  ])ossibly  snow, 
passes  thi-ough  a  heat  exchanger  located  in  the  engine  exhaust- 
gas  stream  and  tlu'ii  circulates  through  the  wing  interior. 

The  passage  of  this  hot,  moist  air  over  surfaces  of  Alclad 
24S-T  would  not  hv.  expected  to  cause  appreciable  corrosion 
were  it  not  for  the  fact  that  condensation  may  occur  and 
that  the  condensation  invariably  contains  dissolved  sub¬ 
stances.  Cloud  drops  usually  contain  dissolved  oxygen  along 
with  other  substances  common  to  certain  regions  (e.  g., 
chlorides  from  sea  water).  The  water  resulting  from  con¬ 
densation  acts  as  an  electrolyte,  allowing  galvanic  action, 
which  is  especially  difficult  to  combat  in  such  a  complex 
structure  as  an  airplane  wing.  If  there  is  any  leakage  of 
exhaust  gas  into  the  system,  sulphides,  bromides,  and  car¬ 
bonates  may  be  introduced.  The  acids  which  may  result 
from  the  combination  of  these  radicals  with  the  condensation 
are  corrosive  to  aluminum  alloys. 

As  a  result  of  the  foregoing  considerations,  a  metallurgical 
examination  of  the  structural  material  in  the  wing  leading 
edge  of  the  test  airplane  was  undertaken  to  determine  whether 
the  high  temperatures  existing  had  produced  any  evidences 


No  fe:  Specimen  from  leading  edge  outer  st^in  Taken  uf  tat  Ion  //  nat  shov/n. 
Kku  kk  -}I.-  Li'udinti  I’lL'e  of  Uie  left  win^:  oiitrr  panel  showing  locution  of  specimens  taken  for  miero-exaniination. 
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of  corrosive  action  which  could  be  attributed  to  the  thermal 
system. 

Selection  of  specimens.—Represontativc  specimens  were 
removed  from  the  win"  after  about  225  houi-s  of  flight  opera¬ 
tion  of  the  thermal  system.  The  locations  at  which  the  speci¬ 
mens  were  removed  wer(‘  selected  by  a  visual  examination  for 
pitting  or  any  other  indication  of  corrosive  action.  Samples 
were  taken  from  the  baffle  plate  at  stations  14,  15.  48,  59  and 
104,  from  the  nose  ribs  at  stations  11  and  22,  and  from  the 
nose  outer  skin  at  station  11,  as  shown  in  figure  41. 


Figure  42.-Corrosioii  and  soil  deposit  on  bafTle  plate  between  stations  .56  and  GO.  The 
large  black  sjkjIs  are  particles  from  a  synthetic  sponge-rubber  gasket. 


Figure  -iS.-Arca  of  baftle  plate  shown  in  figure  42  after  cleaning  with  acetone. 


Results  and  discussion. — Visual  examination  of  the  baffle 
plate  revealed  a  slightly  dirty  surface  aeeompanied  by  an 
appearance  of  slight,  pin-point  corrosion  as  shown  in  figure  42. 
After  removal  of  the  dirt,  the  ])ositive  presence  of  corrosion 
was  established  and  is  shown  iii  figiir(‘  45.  ih(‘  larg(‘.  black 
lumps  adhering  to  tlie  sheet  (fig.  42)  were  identified  as  ])ai- 
ticies  from  a  synthelie  spongt'-ruhix'r  gasket  which  was 
lo(‘ated  at  the  iniioard  end  of  the  transition  du(‘t  (station  0, 
fiir.  41  i.  The  luait  had  disintegrated  a  portion  of  the  gasket 
and  the  hot  air  had  carried  the  ])arti(‘les  into  the  ducting 
where  tliey  had  deposited  and  liardeiied  on  the  surface  of  th(‘ 
hafile  plate.  Ihuuaath  these  lilaek  lumps  of  syntlietie  rubber 
a  seven'  corrosion  was  nott'd.  Examination  of  a  (‘ross  section 
of  the  hafile  plate,  indicated  by  the  liiu*  A~A  on  hgiire  42, 
n'vealed  a  marked  ])ittijig  of  th(‘  cladding,  but  a  normal  core 
(h".  44;.  Micro(‘xaniination  of  a  cross  sf'ction  beneath 


another  particle  at  station  14  showed  a  definite  attack  of  the 
core  along  the  grain  boundaries  (fig.  45).  The  fact  that  the 
synthetic  rubber  particles  set  up  intercrystalhne  corrosion  at 
station  14  and  not  at  station  59  may  be  attributed  to  the 
probably  higher  baflle-plate  temperature  at  station  14  and 
thus  a  greater  susceptibility  to  intercrystalline  corrosion  at 
that  station. 

A  further  examination  of  the  cross  section  of  the  banle 
plate  at  station  14  I'ovealed  a  decidedly  aged  (*ore  structure. 
Heavy  precipitation  at  the  grain  botindaries  and  within  the 


Figure  M.-Cross  section  of  baffle-plnte  cladding  and  core  beneath  the  syntheiic  rubber 
particle  at  section  A-.\.  figure  42.  Magnification,  200X:  Keller  s  etch.  Piiung  is  severe 
but  has  not  penetrated  the  cladding. 


J-  ir.i  RE  ■15  —Cross  soclioii  of  baffle-plate  claddinp  and  core  at  station  14,  showinc  intercrys- 
tallioe  corrosioo.  Macnillcation,  250X;  Keller's  etch,  aad  hot  2^porcent  solutio.i  of  nitric 
acid. 

grains  w^as  observed.  Long  periods  of  heating  had  instigated 
a  coalcscenfo  of  the  jirocipitation  resulting  in  relatively  large 
i-ounclecl  ])articles.  Also,  a  considerable  deerease  in  grain 
contrast  was  noted.  Almninuni  alloys  exhibiting  such  a 
structure  are  re|)Oi  ted  in  reference  211  to  be  quite  susceptible 
to  intercrystalliiie  eonosion.  The  baflle-plate  s])eeiincns  at 
stations  48  and  104  revealed  a  normal  24S-T  aliiiiiinnm  alloy 
core  structnie,  indicating  that  tlic  overheating  of  the  hafile 
plate  and  attendant  reduction  in  resistance  to  corrosion  did 
not  extend  to  station  48. 

Mici'oexaniinatioii  of  the  section  of  the  web  of  the  nose  rib 
at  station  11  evidenced  minute  amounts  of  ])roeii)itatioii 
at  the  grain  boundaries,  but  it  is  not  believed  that  any  exces¬ 
sive  temiieratiire  (41'eets  were  indicated.  The  microstnic- 
tures  of  tlu'  l('ading-edge  outer  skin  at  station  11  and  in  the 
W(4)  of  the  nose  rib  at  station  22  were  eomiiarable  to  that  of 
normal  24S- -T  aluminum  alloy. 
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CONCLUSIONS 

As  tho  result  of  ii  eonipn'lH'iisive  iiivesti^utioii  of  a  thermal 
iee-preveiitioii  syst(‘in  for  a  tyjiical  twiii-eiijriiU'  transport  air¬ 
plane,  the  following  eonchisions  which  ar(‘  ai)pliea])le  to  sys¬ 
tems  similar  to  that  tested  may  he  stated: 

A  comparison  of  th(‘  surface  temperatuiH*  ]-is(‘  expei'i- 
enced  in  flight  (130°  to  150°  ¥  above  amhicuit-air  teinpera- 
tui’(‘)  with  that  specifical  in  tlu^  design  analysis  (100°  F) 
indicates  that  tlu'  analysis  procedure'  for  cahadating  the 
necessary  heated-air  ilow-j‘ates  is  cons(‘]'vativ(‘  and  recpiiri's 
further  rcfineiiK'nt. 

2. )The  tlu'rmal  p(‘i-forinanc(‘  of  tlu'  ic(*-])r(‘V('ntion  system 
permitted  operation  in  ail  natural-icing  (‘onditions  (‘ucoun- 
ter(‘d  without  the  loss  of  functional  eflici{‘n(‘y  of  tin*  lu'ated 
sui-faces. 

3. )3di(‘  installation  of  an  ic(‘-])r(‘V('nti()n  system  similar  in 
thermal  performama'  to  that  test(‘d  could  Ix'  efl’ect(‘d  with  a 
negligible  loss  in  tlu*  airplam*  (Tuis('  ])erformance,  provided 
the  lu‘at-exchang(‘r  installation  was  giv(*n  consid(‘i'ation  in  tin* 
('arly  stages  of  tlu'  mua'lli*  (h'sign. 

4.  )ln  order  to  avoid  uniu'cessary  and  ])ossil)iy  dangei’ous 
reduction  in  sti‘ength  of  tin*  thermal  ic(‘-|)revention  structure 
while  at  elevated  temperatuies.  control  of  the  lieated-air 
temperature  to  provide  only  that  heat  required  for  ic(‘- 
preveiition  may  be  desirable  in  some  installations.  Even 
with  such  control  the  reduction  in  yield  and  ultimate  strength 
of  some  structural  nu'inbers  in  tlu*  leading-edge  I'egion  can  be 
of  the  order  of  5  to  10  percent. 

5)  The  operation  of  a  wing  h'ading-edgt'  th('rmal  ic(‘- 
prevention  system  may  ((h'pending  upon  the  unh('at(‘d  wing 
margins  of  safety.)  result  in  stn'ss  change's  recjuiring  (‘onsidera- 
tion  in  the  wdng  stress  analysis. 

6.)  No  corrosive  eflVcts  were  noted  which  could  be*  attrib¬ 
uted  to  the  basic  principle  of  employing  fr(*(‘-str(‘am  air, 
heated  by  an  exhaust -gas-to-air  heat  exchanger,  as  the  heat 
transfer  medium  in  an  internal  circulatoiy  system. 


Ames  Aeronautical  Labouatory, 

National  Advisory  Committee  for  Aeronautics, 
Moffett  Field,  Calif. 
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Positive  directions  of  axes  and  angles  (forces  and  moments)  are  shown  by  arrows 
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Angle  of  set  of  control  surface  (relative  to  neutral 
position),  6.  (Indicate  surface  by  proper  subscnpt.) 


4.  PROPELLER  SYMBOLS 


D  Diameter 

p  Geometric  pitch 

pJD  Pitch  ratio 

F'  Inflow  velocity 

V,  Slipstream  velocity  ^ 

T  Thrust,  absolute  coefficient  <7r— ^^2^^ 

Q  Torque,  absolute  coefficient 


P  Power,  absolute  coefficient  Cr — 

C,  Speed-power  cocfficient  =  -y/p^ 

17  Efficiency 

n  Revolutions  per  second,  rps 

^  EfTcctivo  helix  hngle  =  tan”^^2^^^ 


1  hp  =  7G.04  kg-m/s  =  550  ftdb/sec 
1  metric  horsepower— 0. 9863  hp 
1  mph= 0.4470  inps 
1  mps=2.23G9  mph 


5.  NUMERICAL  RELATIONS 

1  lb-=0.453G  kg 
1  kg=2.2046  lb 
1  mi— 1,609.35  m  — 5,280  ft 
1  m=:3.2808  ft 


